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Atmospheric aerosols are very important in the Earth climate system due to their role in cloud 
formation and the global radiation budget. However, there are still many unanswered questions 
about how the composition of the aerosol varies and how this composition affects the climate 
system. While aerosols contain a mix of organic and inorganic material, a sub-fraction of the 
organic material in atmospheric aerosols is surface active, arranging itself into organic films at 
the gas-aerosol interface. These films can inhibit trace gas uptake, affecting atmospheric 
chemistry and composition, and they can also impact water uptake, influencing cloud formation 
properties. Additionally, these films can depress surface tension of atmospheric aerosols, leading 
to enhanced cloud nuclei. Organic film behavior strongly depends on aerosol pH as well as ionic 
content, and given the complexity of atmospheric chemistry, hundreds of possible surfactants 
could exist at a given time in atmospheric aerosols. Therefore, it is imperative to study and 
understand the formation of organic films and their behavior at atmospherically relevant 
conditions. 
In this work, we focus on three main questions about surfactant systems: 1. Do organic films 
form at all atmospherically relevant conditions? 2. How can complex reactive systems be 
modeled in terms of surface tension and light absorbing reaction products? and 3. What are the 
different effects that oxidation of organic films can have on cloud condensation nuclei activity? 
We studied systems of long chain fatty acids and α-dicarbonyls in aqueous aerosol mimics by 





light-absorbing products, Aerosol chemical ionization mass spectrometry (Aerosol-CIMS) to 
characterize the reaction products, and a continuous flow streamwise thermal gradient cloud 
condensation nuclei counter (CFSTGC) to measure the CCN activity. 
We found that organic films of oleic acid and stearic acid formed at all atmospherically relevant 
conditions (high ionic content and pH 0-8), though the efficacy of the surface film at depressing 
surface tension changed as the ionization state of the organic changed. Reactive systems of 
methylglyoxal and glyoxal showed the formation of some cross-reaction products that added to 
the total product mass formed; however, most of the products formed were from self-reaction. 
The formation of light absorbing products as well as the surface tension could be described 
solely by the effects of the isolated organics combined in parallel, rather than including any 
terms about cross-reaction species. The oxidation of mixed inorganic-organic aerosols with a 
sodium oleate film showed little change in CCN activity as compared to pure inorganic aerosols, 
but the same oxidation with an oleic acid film showed depressed CCN activity. This led to the 
idea that oxidative aging in the atmosphere might not always increase the hygroscopicity of 
aerosols. Overall, the results of this thesis demonstrate how variable aerosol properties are due to 
the organics present within complex aerosol compositions. This work will help direct future 
laboratory studies on atmospherically relevant systems in order to help elucidate an 
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Atmospheric aerosols play an important role in the radiative forcing of the Earth through both 
direct and indirect pathways. Due to a highly variable composition of organic and inorganic 
species that have different extinction properties, aerosols can affect cloud properties, such as 
cloud lifetime and cloud brightness. They also affect trace-gas uptake and heterogeneous 
reactivity of gas-phase organic species, altering atmospheric composition. Surface-active organic 
species, or surfactants, can play an important role within organic aerosols due to their presence at 
the gas-aerosol interface, so over the past decades, studies have focused on characterizing these 
organics and their impact on the Earth climate system. In this chapter, a brief introduction to 
atmospheric aerosols, their formation pathways and their importance is presented, followed by a 
discussion on surfactants and their atmospheric significance. In closing, the relevance and goals 
of this dissertation to study surfactant behavior are discussed. 
1.1 Motivation to study Atmospheric Aerosols 
Atmospheric aerosols originate from a wide variety of sources and are both naturally emitted and 
man-made in origin. Typically ranging from a size of 2 nm to 20 μm, natural environmental 
aerosols include dust, sea salt from wave crashing and sulfate from volcanic eruptions, while 
anthropogenic aerosols include combustion products as well as by-products of agriculture. While 
most chemical species in the atmosphere have lifetimes of minutes or hours (i.e. oxidants, trace 
gases), aerosols tend to have longer lifetimes of ~7 days, and typically leave the atmosphere 
through deposition processes, primarily by rain. Given the temporal and spatial variability of 
aerosols and a multitude of multiphase organic chemistry pathways, highly variable aerosol 
compositions of both organic and inorganic species have been observed, ranging between 10 to 
90% organic [Kanakidou et al., 2005], where the organic compounds could number in the 





The direct and indirect effects are the two main effects of aerosols on climate. The direct effect is 
the ability of aerosols to directly scatter or absorb incoming solar radiation which affects the 
global radiation budget. For example, black carbon aerosols are absorbing aerosols, and have a 
warming effect on the atmosphere, while sulfate aerosols, from anthropogenic sources as well as 
volcanoes and DMS, have a cooling effect on the atmosphere. However, a highly variable 
organic composition can alter aerosol absorbing and scattering potential, as the identities and 
optical properties of many organic compounds in aerosols are unknown. Therefore, many 
atmospheric aerosols could contain both scattering and absorbing organic compounds, leading to 
a variable direct effect. The indirect effect is the ability of aerosols to affect cloud formation by 
changing cloud properties, such as the capacity for a cloud to rain, its lifetime, or its albedo (a 
measure of how much solar radiation is reflected back out to space) [Albrecht, 1989; Twomey, 
1974]. Whether an aerosol will become a cloud droplet is dependent on its ability to uptake water 
and grow, a property dependent on composition. 
In Isaksen et al. [2009], adapted from the 4th Assessment by the Intergovernmental Panel on 
Climate Change [IPCC, 2007], the uncertainty associated to the direct and indirect effect of 
atmospheric aerosols is the largest of any forcing factor on the climate system (Figure 1.1). As 
shown in the two left most (red) columns, well mixed greenhouse gases and short lived gases 
(WMGG and SL-G, respectively) have a positive radiative forcing (a warming effect) and 
relatively small error bars; aerosols, the rightmost (blue) columns, however, tend to have a net 
cooling effect with much larger uncertainties. The effect of aerosols on the radiation budget is 
separated into five categories: the direct effect, the cloud albedo and the cloud lifetime effect 
(both of which are indirect effects), the semi-direct effect (the absorption of sunlight and 





the ground), due to absorbing aerosols), and the effect of mixed-phase clouds.  Due to these large 
uncertainties in all five categories, the effect of aerosols on the climate system has been a large 
area of research in the atmospheric community over the past few decades. 
 
Figure 1.1. Radiative forcings in the Earth climate system from 1750 to 2007. Positive forcings 
cause a warming effect, while negative forcings cause a cooling effect. From left to right: Well 
mixed greenhouse gases (WMGG) includes CO2, CH4, H2O and halocarbons; short lived gases 
(SL-G) includes ozone, stratospheric water vapor (SWV), and NO2. (Taken from Isaksen et al. 





1.2 Organic Aerosols 
Atmospheric aerosols with organic fractions are commonly referred to as organic aerosols (OA). 
This fraction, up to 90% of the aerosol by mass, can strongly affect the heterogeneous reactivity, 
cloud nucleating ability and the optical properties of aerosols [Andrews and Larson, 1993; 
Garland et al., 2005; Kanakidou et al., 2005; Thornton and Abbatt, 2005]. Much of the organic 
material in aerosols is derived from volatile organic compounds (VOCs) through uptake or 
reactive processes. VOCs are emitted directly into the gaseous phase, due to their high vapor 
pressure (i.e. volatility), and while many of these species are combustion products (benzene, 
toluene) there are also numerous natural VOCs, such as limonene, isoprene, and α-pinene. 
Organic aerosols can be divided into two main categories, primary organic aerosol (POA) and 
secondary organic aerosol (SOA). POA is aerosol that is directly emitted from either biogenic or 
anthropogenic sources, and typically contains both organic and inorganic fractions. When VOCs 
undergo oxidative or reactive processes in the atmosphere and combine with seed aerosols 
(including POA and primary inorganic aerosol), these aerosols are commonly referred to as 
































Figure 1.2. One type of secondary organic aerosol (SOA) formation. Primary organic aerosols 
(POA) from anthropogenic sources are emitted and travel in the atmosphere. Volatile organic 
compounds (VOCs), such as α-pinene, are oxidized in the atmosphere and can then form SOA 
via a “traditional” gas-phase pathway or aqueous-phase pathway. (Image taken from PNNL, 
http://www.pnl.gov/science/highlights/highlight.asp?id=358) 
 
The combining of seed aerosol and organic compounds to form SOA can occur via two different 
mechanisms. “Traditional” SOA formation pathways occur when VOCs are oxidized in the 
atmosphere by OH, O3 or other oxidizing agents, and form lower volatility organic compounds, 
which then condense onto preexisting aerosol [Pankow, 1994; Seinfeld and Pankow, 2003]. 
More recently, an aqueous-phase SOA formation pathway has been found to occur when VOCs 
and their oxidation products partition into aqueous aerosols (via Henry’s Law uptake) and 
undergo aqueous-phase reactions. These reactions, including oligomerization and oxidation, 
form lower-volatility products which then remain in the aerosol phase [Ervens and Volkamer, 
2010; Nopmongcol et al., 2007; Sareen et al., 2010; Schwier et al., 2010; Shapiro et al., 2009; 
Tan et al., 2010]. A sub-fraction of organic compounds, from both primary and secondary 
pathways (through both traditional and aqueous-phase formations), is surface-active species, 






Surfactants are amphiphilic organic species that have two defining moieties, a hydrophilic head 
group and a hydrophobic carbon chain; therefore, in aqueous aerosols, this characteristic allows 
surfactants to arrange themselves into aggregates to minimize the contact between the 
hydrophobic moiety and water. To be thermodynamically favorable, surfactants will partition 
themselves at the gas-aqueous interface in an “inverted micelle” structure (Figure 1.3), as well as 
form micelles within the aqueous solution [Ellison et al., 1999; Gill et al., 1983; Tabazadeh, 
2005]. This partitioning of surfactant at the gas-aerosol interface and in the bulk aqueous phase is 
known as surface-bulk partitioning. Depending on the pH and salt content of solution, surfactants 
can also arrange themselves into more complex structures, including lenses, crystals, and oil or 
lamellar phases [Cistola et al., 1988; Hede et al., 2011; Leck and Bigg, 2005a, 2005b; Pósfai et 
al., 2004; Reid et al., 2011]. Important atmospheric surfactants include organic acids, short chain 
carboxylic acids, long chain fatty acids, saccharides, proteins, HULIS (humic-like substances) 
and multi-functional compounds, as well as oxidation and secondary products such as 
methylglyoxal, formaldehyde, acetaldehyde, and organosulfates. Hydrophilic head groups of 
atmospheric surfactants can be carboxylic acids, alcohols, aldehydes, ketones, esters, or amine 
functional groups [Gill et al., 1983; Mochida et al., 2002; Peterson and Tyler, 2003; Russell et 
al., 2002; Tervahattu et al., 2002b]. Due to the multitude of chemical reactions that occur in the 
atmosphere and aerosols (gas- and aqueous-phase oxidation, aqueous-phase reactions, 
oligomerization, etc.), it is highly likely that additional surfactants exist, such as secondary 






Figure 1.3. Formation of an organic film due to the presence of organic surfactants. The 
surfactants arrange themselves into an “inverted micelle” structure in order to partition the 
hydrophobic moiety into the gas phase and keep the hydrophilic head group in the aqueous 
aerosol.  
 
1.3.1 Sources of surfactants 
Surface-active organics are derived from both primary anthropogenic and biogenic sources, as 
well as secondary process, such as oxidation and chemical reactions. Primary sources include 
biomass burning [Asa-Awuku et al., 2008; Pósfai et al., 2004; Rogge et al., 1993d; Schauer et al., 
2001; Simoneit et al., 1999; Tervahattu et al., 2005], biological activity [Hildemann et al., 1991; 
Meyers and Kites, 1982; Rogge et al., 1993c; Simoneit, 1977; Simoneit and Mazurek, 1982; 
Zhang and Anastasio, 2003], fossil fuel emissions and combustion products [Grosjean et al., 
1978; Hildemann et al., 1991; Kawamura and Kaplan, 1987; Kawamura et al., 1985; Rogge et 
al., 1993a, 1993b; Schauer et al., 1999b, 2002b; Simoneit, 1985; Tervahattu et al., 2005; 
Warneck, 2003; Zhang and Anastasio, 2003], and cooking emissions [Cheng et al., 2004; He et 
al., 2004; Robinson et al., 2006b; Schauer et al., 1996, 1999a, 2002a; Zhao et al., 2007]. 
Biological activity near the ocean surface and the phenomenon of bubble bursting also releases 





Carlucci, 1974; Blanchard, 1963, 1964; Garrett, 1967; Gershey, 1983; Hoffman and Duce, 
1977; Kawamura and Gagosian, 1987; Keene et al., 2007; Marty et al., 1979; Middlebrook et 
al., 1998; Mochida et al., 2002; Morris and Culkin, 1974; Novakov et al., 1997], much of which 
is long chain fatty acid surfactants [Cavalli et al., 2004; Fang et al., 2002; Gagosian et al., 1982; 
Mochida et al., 2002; O'Dowd et al., 2004]. 
Secondary sources of surfactants include gas-to-particle conversions, such as the formation of 
SOA through either the “traditional” or aqueous-phase pathway. It was observed that gas-phase 
oxidation of isoprene led to the formation of water soluble carbonyls [Seinfeld and Pandis, 1998; 
Zimmermann and Poppe, 1996], which were then processed in clouds or aerosol water to form 
surface-active organic acids [Altieri et al., 2006; Lim et al., 2005; Warneck, 2003]. Cis-pinonic 
acid, an oxidation product of α-pinene, and other atmospherically relevant organic acids have 
been shown to be surface active [Aumann et al., 2010; Booth et al., 2009; Chebbi and Carlier, 
1996; Dash and Mohanty, 1997; Hyvärinen et al., 2006; Riipinen et al., 2007; Shulman et al., 
1996; Tuckermann, 2007; Tuckermann and Cammenga, 2004; Varga et al., 2007]. Alkene 
ozonolysis led to the formation of low molecular weight surface-active water soluble carbon 
products [Asa-Awuku et al., 2010]. HULIS and fulvic acid, both of which are found in soil and 
water sources as well as atmospheric aerosols, are surface-active material [Anderson et al., 1995; 
Chen and Schnitzer, 1978; Gelencsér et al., 2002, 2003; Terashima et al., 2004; Yates and von 
Wandruszka, 1999], and organosulfates formed in situ have also been found to be surface-active 








1.3.2 Presence and detection of organic films 
Due to the “inverted micelle” structure, surfactants are responsible for organic film formation on 
atmospheric aerosols. These films can form a barrier to trace gas uptake and affect 
heterogeneous reactivity [Folkers et al., 2003; McNeill et al., 2006; Thornton and Abbatt, 2005], 
and alter aerosol optical properties [Bond and Bergstrom, 2006; Dinar et al., 2008; Kanakidou et 
al., 2005; Malm and Kreidenweis, 1997; Mircea et al., 2005]. Organic films also depress the 
surface tension of atmospheric aerosols, though the efficacy of the latter is dependent on the 
composition of the organic film and the surfactant packing structure.  
Due to a lack of analytical techniques, organic films on aerosols have not yet been directly 
detected; however, the use of microscopy, spectrometry and surface tension measurements help 
provide indirect morphological information. In 1964, it was clearly shown that marine aerosols 
contained surface-active organic material [Blanchard, 1964]. Since that time, the use of 
microscopy techniques and time-of-flight secondary ion mass spectrometry have shown aerosols 
to contain organic coatings [Buseck and Pósfai, 1999; Peterson and Tyler, 2002, 2003; Pósfai et 
al., 2004; Russell et al., 2002; Tervahattu et al., 2002b, 2002a, 2005]. However, for all of these 
indirect techniques, the aerosols were dried, so the coatings may have been formed during the 
drying process rather than existing in the natural aerosol morphology. Surface tension 
measurements have also been performed on multiple ambient aerosol, fogwater, and rainwater 
samples [Asa-Awuku et al., 2008; Capel et al., 1990; Cavalli et al., 2004; Decesari et al., 2003; 
Facchini et al., 1999, 2000; Hitzenberger et al., 2002; Kiss et al., 2005; Mazurek et al., 2006; 
Salma et al., 2006; Taraniuk et al., 2007], and most have shown surface tension depression due 





film on the actual ambient samples due to the collection processes (most ambient samples are 
collected on filters and re-suspended in solution afterwards). 
1.4 Effects of Surfactants 
The existence of organic films on atmospheric aerosols can affect atmospheric composition (by 
affecting trace gas uptake and heterogeneous reactivity) and climate (by impacting cloud 
formation and the global radiation budget).  
1.4.1 Uptake of trace gases and heterogeneous reactivity 
Recent reviews have focused on the impact of organic films on trace gas uptake and 
heterogeneous chemistry [Donaldson and Vaida, 2006; Donaldson and Valsaraj, 2010; Kolb et 
al., 2010]. Laboratory measurements, field studies and modeling techniques have all been used 
to quantify these effects based on the identities of the trace gas, the organic film and the sub-
phase. 
Organic films have been shown to inhibit the uptake of water and atmospheric trace gases (N2O5, 
O3) as well as depress the rate of water evaporation; however, the level of inhibition depends on 
the composition and packing efficiency of the surfactant layer, as well as the identity of the trace 
gas [Anttila et al., 2006; Archer and La Mer, 1955; Badger et al., 2006; Chan et al., 2006; 
Cosman et al., 2008; Cosman and Bertram, 2008; Cruz and Pandis, 1998, 2000; Dash and 
Mohanty, 1997; Escoreia et al., 2010; Folkers et al., 2003; Glass et al., 2006; Knopf et al., 2007; 
Lawrence et al., 2005a, 2005b; McNeill et al., 2006; Park et al., 2007; Rideal, 1925; Rosano and 
La Mer, 1956; Rouvière and Ammann, 2010; Stemmler et al., 2008; Thornton and Abbatt, 2005]. 
Surfactants with long hydrophobic chains (16 or more carbon atoms) form incompressible films 
because of the strong attractive force interactions between the neighboring carbon chains, while 





[Schofield and Rideal, 1926]. These loosely packed films, known as “expanded state films” have 
a much lower barrier to water evaporation than long chain surfactants, due to packing density 
[Archer and La Mer, 1955; Rosano and La Mer, 1956]; their degree of packing increases as the 
surfactant concentration, and therefore surface coverage, increases.  
Packing efficiency is also affected by the extent of unsaturation in the hydrophobic chain as well 
as pH [Adam, 1921; Adam and Miller, 1933; Kanicky and Shah, 2002; Schulman and Hughes, 
1932; Seelig and Seelig, 1977]. At higher pH, long chain fatty acids have been shown to form 
weak expanded state films [Adam, 1921; Adam and Miller, 1933]. The polar head group of a 
surfactant can also affect packing efficiency [Myers, 1988]. In mixed component films (films 
composed of two surfactants), the uptake/water evaporation rate was found to be intermediate 
between that of each isolated surfactant [Cosman et al., 2008; Gilman and Vaida, 2006; Park et 
al., 2007; Rosano and La Mer, 1956; Rouvière and Ammann, 2010].  
1.4.2 Surface tension  
Surface tension is a measure of the attractive force of particles in a surface layer to particles 
within the bulk phase; due to this property, liquids form curved droplets on surfaces in order to 
minimize surface free energy. Surface tension depression from surfactants has been studied since 
the early 20
th
 century [Langmuir, 1917a, 1917b; Walker, 1921], yet atmospherically relevant 
systems have only been studied over the last fifty years. As stated previously, surface tension 
depression in aqueous aerosol extracts is an indicator of organic film formation, and multiple 
studies have been performed on aqueous ambient samples of aerosol, rainwater and fog 
[Anderson et al., 1995; Asa-Awuku et al., 2008; Aumann and Tabazadeh, 2008; Capel et al., 
1990; Cavalli et al., 2004; Decesari et al., 2003; Facchini et al., 1999, 2000; Hitzenberger et al., 





1978; Kiss et al., 2005; Salma et al., 2006; Taraniuk et al., 2007; Yates and von Wandruszka, 
1999]. 
Laboratory studies have focused on the surface tension properties of organic species like 
saccharides [Aumann et al., 2010; Tuckermann and Cammenga, 2004], carboxylic acids (<10 
carbon chain) [Aumann et al., 2010; Dash and Mohanty, 1997; Ekström et al., 2009; Hyvärinen 
et al., 2006; Riipinen et al., 2007; Shulman et al., 1996; Tuckermann, 2007; Tuckermann and 
Cammenga, 2004; Varga et al., 2007], long chain fatty acids (>12 carbon) [Aumann et al., 2010; 
Aumann and Tabazadeh, 2008; Cosman et al., 2008; Cosman and Bertram, 2008; Knopf and 
Forrester, 2011; Reid et al., 2011; Schwier et al., 2012], complex organic mixtures [Henning et 
al., 2005; Svenningsson et al., 2006; Topping et al., 2007; Tuckermann and Cammenga, 2004], 
and secondary surfactants [Li et al., 2011c; Nozière et al., 2010; Sareen et al., 2010; Schwier et 
al., 2010; Shapiro et al., 2009] in both aqueous solutions and high ionic strength salt solutions. 
Many organic species, both primary and secondary in nature, relevant to atmospheric aerosols 
have shown clear surface tension depression that increases with increasing organic concentration. 
In complex mixtures, high ionic strength concentrations tend to expel organic towards the 
surface due to a phenomenon known as “salting out” [Li et al., 1998; Matijevic and Pethica, 
1958; Setschenow, 1889]; this phenomenon can increase the surface activity of organics and lead 
to enhanced surface tension depression. Additionally, pH can shift the ionization state of the 
organic, leading to changes in efficacy in surface activity [Kanicky and Shah, 2002; Schwier et 
al., 2012].  
Surface tension depression can impact aerosols’ ability to form cloud condensation and ice 





2004; DeMott et al., 2003; Ervens et al., 2005; Facchini et al., 1999; Kärcher and Koop, 2005; 
Novakov and Penner, 1993; Shulman et al., 1996]; this ability of seed aerosols to form cloud 
droplets is described by Köhler Theory [Köhler, 1936]. 
1.4.3 Cloud nucleation 
Köhler Theory describes the ability of soluble particles to activate into cloud droplets and 
become cloud condensation nuclei (CCN) by 
          (1.1) 
 
          (1.2) 
where S is supersaturation, Dp is the diameter of the particle, Mw is the molecular weight of 
water, σ is the surface tension, R is the universal gas constant, T is temperature, ρw is the density 
of water, and ns is the number of moles of solute in the droplet [Cruz and Pandis, 1997; Gerber 
et al., 1977; Katz and Kocmond, 1973; Seinfeld and Pandis, 1998]. 
Essentially, when aerosols are in air parcels supersaturated with respect to water vapor, at a 
critical level of water vapor content, or critical supersaturation, the water vapor will begin to 
condense on aerosols of a critical diameter and the aerosols will grow to sizes equivalent of 
cloud droplets. The Köhler equation has two terms, the first known as the Kelvin effect and the 
second known as the Raoult effect. Compared to a planar surface, molecules at a curved surface 
are farther apart, so less energy is required to overcome the attractive forces between the 
molecules in order to partition molecules into the gas phase; therefore, the Kelvin effect, or 
curvature effect, tends to increase the vapor pressure of water over the droplet. Based on 
Raoult’s law, as the solute concentration increases in a droplet, the vapor pressure of water 
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decreases due to the decreasing water fraction; thus, the Raoult, or solute, effect tends to 
decrease the vapor pressure of water over the droplet. Based on both effects, the overall 
supersaturation can vary in either direction. Given the surface tension depression caused by 
organic films on aerosols, the Kelvin effect term can become smaller, decreasing the overall 
supersaturation required for cloud droplet growth and formation. In practice, kinetic limitations 
can inhibit droplet growth and water uptake [Chuang et al., 1997; Nenes et al., 2001], and 
surface-bulk partitioning of organic material can strongly affect cloud droplet activation at 
critical supersaturations [Prisle et al., 2008, 2010, 2011; Raatikainen and Laaksonen, 2011; 
Sorjamaa et al., 2004; Sorjamaa and Laaksonen, 2006]. Köhler Theory is intended to describe 
nonvolatile systems, so work has been performed to incorporate the effects of soluble gases and 
slightly soluble matter (such as surfactants) [Kulmala et al., 1993; Laaksonen et al., 1998; 
Topping and McFiggans, 2011].  
Multiple laboratory studies and field campaigns have shown the presence of surfactants to affect 
the ability of an aerosol to behave as a CCN [Asa-Awuku et al., 2008; Corrigan and Novakov, 
1999; Cruz and Pandis, 1997, 1998; Ekström et al., 2009; Facchini et al., 1999; Henning et al., 
2005; Lance et al., 2009; Liu et al., 1996; Mochida et al., 2006; Prenni et al., 2001; Raymond 
and Pandis, 2002, 2003]. Secondary processes to surfactants, such as oxidative aging, also 
impact CCN activity [Broekhuizen et al., 2004a, 2004b; Schwier et al., 2011; Shilling et al., 
2007; VanReken et al., 2005]. Many studies have shown that the effects on CCN activity are 
largely dependent on ambient conditions and the types of surfactants present. 
Specific studies have focused on HULIS [Dinar et al., 2006, 2007; VanReken et al., 2005; Wex 
et al., 2007], polyols [Ekström et al., 2009], and dicarboxylic acids [Abbatt et al., 2005; 





Padró et al., 2007; Pradeep Kumar et al., 2003; Prenni et al., 2001; Raymond and Pandis, 2002, 
2003; Riipinen et al., 2007; Shulman et al., 1996; Topping et al., 2007; Tuckermann, 2007; 
Vanhanen et al., 2008]. Modeling efforts and molecular dynamics simulations have also been 
used to quantify the effect of surfactants on CCN activity [Asa-Awuku et al., 2008; Asa-Awuku 
and Nenes, 2007; Chakraborty and Zachariah, 2007, 2008, 2011; Facchini et al., 1999; Hede et 
al., 2011; Li et al., 2010, 2011a, 2011b; Ma et al., 2011; Shulman et al., 1996; Topping et al., 
2007; Wex et al., 2007]. These have been found to depend heavily on droplet size, surfactant 
identity and concentration, and surfactant properties. 
Kinetic limitations of aerosol growth can also affect the CCN activity of aerosols containing 
surfactants. Numerous models have been developed to describe this phenomenon [Asa-Awuku 
and Nenes, 2007; Ervens et al., 2005; Feingold and Chuang, 2002; Khvorostyanov and Curry, 
2008], and laboratory experiments have been performed [Corrigan and Novakov, 1999; Shantz et 
al., 2010], including chamber experiments [Asa-Awuku et al., 2008, 2009, 2010; Engelhart et al., 
2008; Hegg et al., 2001; Moore et al., 2008]. For some surfactant species, inorganic salt was 
found to decrease the barrier to water uptake and cloud droplet activation [Bilde and 
Svenningsson, 2004; Raymond and Pandis, 2003]. Field studies focused on CCN closure have 
also been performed [Lance et al., 2009; Moore et al., 2008; Murphy et al., 2009; Padró et al., 
2010; Ruehl et al., 2008, 2009; Shantz et al., 2010]. 
1.5 Goals of this research 
The main goal of this research has been to explore the atmospheric conditions under which 
organic films form, and to better understand the optical properties, CCN activity, and secondary 
products formed when multiple organic compounds (surfactants) are present. Starting with the 





mixed-organic systems and finally, aerosol systems where gas-phase atmospheric oxidants are 
present. The following scientific questions will be addressed: 
1. Under what aerosol conditions (pH, inorganic salt concentration) will organic films form with 
isolated long chain fatty acids? 
2. In complex mixed-organic systems, can the surface tension effects be modeled a priori from 
knowledge of the individual species? What kind of aqueous-phase cross-reaction products 
exist, and how does this complex system affect absorbance properties? 
3. If an organic film is oxidized, how does the CCN activity differ between before and after 
oxidation? 
1.6 Thesis Overview 
The overarching hypothesis for this work is that surfactants form organic films under most 
atmospherically relevant conditions, even though surfactants affect surface tension and CCN 
activity differently based on their surface active potential. 
In Chapter 2, pendant drop tensiometry, the experimental method used to determine the surface 
tensions of bulk aqueous solutions studied in this thesis, is described. Additionally, we present 
the analysis technique used on surface tension data in order to present relevant information to the 
atmospheric community. We also describe the experimental methodology of Aerosol-CIMS 
experiments and those with the CFSTGC. 
In Chapter 3, we studied the simplest aerosol system (isolated organic compounds in inorganic 
salt solutions) to determine under what atmospheric conditions an organic film would form. 





slightly soluble long chain fatty acids, Figure 1.4), we measured the surface tension depression 
of these solutions with pendant drop tensiometry at varying pH, varying salt content, and varying 
organic content. While the surfactant behavior of both long chain fatty acids has been known for 
almost 100 years, these acids had never before been studied at atmospherically relevant 
conditions. Surfactant behavior is highly variable, so performing measurements at aerosol 
environments was relevant as a proxy for long chain fatty acid behavior in atmospheric aerosols. 
We observed surface tension depression compared to water of up to ~30 and 45% for aqueous 
solutions containing stearic or oleic acid, respectively, at pH 0-8 and all inorganic salt 
concentrations. This suggested that surface film formation was favorable for these species in 
atmospheric aerosols at all relevant conditions.  
 
Figure 1.4. Molecular structures of oleic and stearic acid. 
 
In Chapter 4, we studied the more complex binary reactive system of methylglyoxal and glyoxal, 
two α-dicarbonyl compounds (Figure 1.5). These species typically coexist in the atmosphere and 
are derived from anthropogenic and biogenic VOC oxidation; having previously studied these 





binary system behaved synergistically in terms of surface tension depression and optical 
properties. Using UV-vis spectrophotometry, we characterized the formation of light-absorbing 
products of the reactive species in aqueous aerosol mimics (methylglyoxal, glyoxal and 
ammonium sulfate). We found that absorption at 280 nm could be described well using models 
for the formation of light-absorbing products by glyoxal and methylglyoxal in parallel. Using 
pendant drop tensiometry, we showed that the surface tension depression by glyoxal and 
methylglyoxal in these solutions could be modeled as a linear combination of the effects of the 
isolated organics. Reaction product species were identified using chemical ionization mass 
spectrometry with a volatilization flow tube inlet (Aerosol-CIMS). Peaks consistent with 
glyoxal-methylglyoxal cross-reaction products were observed, accounting for a significant 
fraction of detected product mass, but most peaks could be attributed to self-reaction of either 
glyoxal or methylglyoxal. As a final conclusion, we found that while cross-reaction products 
contributed to SOA mass from aerosol uptake of glyoxal and methylglyoxal, they were not 
required to accurately model the effects of this process on aerosol surface tension or light 
absorption. 
 
Figure 1.5. Molecular structures of glyoxal and methylglyoxal. 
In Chapter 5, we added an additional complexity to a surfactant system by oxidizing the 
surfactant and determining how the CCN activity changes once the surfactant film is chemically 
altered. We quantified the CCN activity of sodium salt aerosols (NaCl, Na2SO4) internally mixed 
with sodium oleate and oleic acid. We found that particles containing roughly one monolayer of 





increase in organic concentration slightly depressed CCN activity. O3 oxidation of these multi-
component aerosols had minimal effect on the critical diameter for CCN activation for 
unacidified particles at all conditions studied, and the activation kinetics of the CCN were similar 
in each case to those of pure salts. Particles containing sodium oleate which were acidified to 
atmospherically relevant pH before analysis in order to form oleic acid, however, showed 
depressed CCN activity upon oxidation. This effect was more pronounced at higher organic 
concentrations. The behavior after oxidation was consistent with the disappearance of the 
organic surface film, supported by Köhler Theory Analysis (KTA). κ-Köhler calculations 
showed a small decrease in hygroscopicity after oxidation. This study supported the finding that 
oxidative aging may not always enhance the hygroscopicity of internally mixed inorganic-
organic aerosols. 
Lastly, in Chapter 6, we discuss the overarching conclusions of this work and future directions of 








This section describes the methodology of pendant drop tensiometry (used in Chapter 3 & 4), 
Aerosol-CIMS (used in Chapter 4), and the CFSTGC (used in Chapter 5). These techniques and 
the specific procedures used for the experiments are also further described within the following 
chapters.  
2.1 Pendant Drop Tensiometry 
Pendant drop tensiometry (PDT) is an experimental technique used to measure the static surface 
tension of a bulk aqueous solution. Experiments can be performed at varying temperatures and 
will indicate whether the surface tension of the aqueous solution is affected by the presence of 
organics, yet it is important to remember that this is still only an indirect method of 
demonstrating organic film formation. 
Droplets of the sample aqueous solution were formed at the tip of a capillary tube on a 25 or 100 
μL syringe and allowed to equilibrate in an enclosed chamber with quartz windows for at least 
60 seconds (and up to 15 minutes) before image collection. The tensiometer in use is similar to 
that described by Anastasiadis et al. [1987]. Images were captured using a TV zoom lens 
(Fujinon) harmonized to a Pulnix model TM-7CN video camera. Snap shot images were taken at 
constant time intervals, allowing for equilibration time as the droplet grew in size, until the 
droplet detached from the syringe and fell. The last image of the droplet at its largest stable 
volume was used for analysis (Figure 2.1, left). Analysis software written in-house was executed 
using MATLAB (The MathWorks 7.0), and followed the edge detection method of Canny 
[1986] (Figure 2.1, right). This analysis calculated the drop shape factor, H, following the 
method of several selected planes [Juza, 1997]. The surface tension of the drop, σ, was 






          (2.1) 
where Δρ is the difference in the density of the drop and the surrounding gas phase, g is 
acceleration due to gravity, and de is the equatorial diameter of the droplet. The density of the 
solution was determined as an average of three measurements by using an analytical mass 
balance (Denver Instruments). 
 
Figure 2.1. Droplet as seen using the TV zoom lens, left, and edge detection analysis, right. 
 
For aqueous solutions containing surfactants, the surface tension is typically less than that of 




C) while inorganic salt solutions (i.e. NaCl, (NH4)2SO4) have a 
surface tension higher than that of water [Washburn, 2003]. In atmospheric sciences, the surface 
tension dependence on surfactant organic content is typically parameterized using the 
Szyszkowski-Langmuir equation, as given by Facchini et al. [1999], 
          (2.2)  
where σ and σo are the surface tension of the solution with and without the addition of organics, 















), and a and b are fit parameters specific to every organic. σo values for 
inorganic solutions are taken from the International Critical Tables [Washburn, 2003]. For 
systems where multiple organics are present, [Henning et al., 2005] modified the equation to 
give a linearly additive model based on carbon fraction for each organic species 
          (2.3) 
 
where χi is the carbon content of each organic (Ci) divided by the total carbon amount in the 
system (C), and ai and bi are fit parameters for each individual organic.  
2.2 Aerosol-CIMS. 
Aerosol-CIMS is a spectrometer technique used for simultaneous measurements of aerosol-phase 
and gas-phase organic species [Hearn and Smith, 2004a, 2006b]. Molecules remain un-
fragmented due to the soft ionization technique, and are thus more easily identified and 
quantified. Organic molecules are detected with high sensitivity and selectivity based on the 
identity of a parent ion, which can be either positive or negative polarity. Aerosol-CIMS 
incorporates the use of a variable temperature volatilization flow tube, which has been used for 
studies of oxidative aging of aerosols [Hearn et al., 2005, 2007; Hearn and Smith, 2004b, 2005, 
2006a, 2007; McNeill et al., 2007, 2008] and aerosol characterization [Hearn and Smith, 2006b; 
Li et al., 2011c; Sareen et al., 2010; Schwier et al., 2010]. 
In Chapter 4, a custom built chemical ionization mass spectrometer with a volatilization flow 
tube inlet (Aerosol-CIMS) was used to detect secondary organic material as described by Sareen 
et al. [2010]. Briefly, a reaction mixture of 2 M organics (G:MG 1:1) and 3.1 M AS was 
prepared as described in §4.2. After roughly 24 hours reaction time, the mixture was diluted with 
Millipore water until the salt concentration was 0.2 M. The dilute solution was aerosolized using 
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a constant-output atomizer (TSI), and the resulting aerosol stream was combined with dry N2 to 
achieve a relative humidity of 50-60%. On the basis of our previous observations of the MG-AS 
system, we expect oligomer formation to be irreversible upon dilution over the experimental time 
scale [Sareen et al., 2010]. Additionally, the time the solutions spent in aerosol form in our 
experiments was short ( 3.5 s) compared to the time scale of the oligomerization reactions. 
Hence, the reaction products detected via Aerosol-CIMS were most likely formed during the first 
24 h after mixing.  
The equilibrated aerosol stream was sent through a poly(tetrafluoroethylene) (PTFE) tube heated 
to 135°C for volatilization of the aerosol organics. The organic analyte molecules interacted with 




·(H2O)n in the chemical ionization region (3.5 cm ID stainless 
steel manifold, 3.8 cm long) of the mass spectrometer. In the I
-
 detection scheme, the analyte 





·H2O + R  I
-
·R + H2O       (2.4) 
or is ionized via proton abstraction.  
I
-
 + R−H  R
-
 + HI        (2.5) 
In the H3O
+
·(H2O)n detection scheme, the reagent ion reacts through either proton transfer 
[Hearn and Smith, 2004a] 
H3O
+
·(H2O)n + R  RH
+
 + (H2O)n+1      (2.6) 
or ligand switching with the entering neutral species [Blake et al., 2009], 
H3O
+
·(H2O)n + R  H3O
+
·R + (H2O)n     (2.7) 
and is detected as either a protonated analyte molecule (RH
+
) or as a cluster with H3O
+
. These 
reagent ions are paired to utilize their complementary capabilities; I
-
 forms clusters with organic 







·(H2O)n is less selective and will ionize most organic molecules [Blake et al., 
2009; Hearn and Smith, 2004a]. Ion neutral reaction times were between 20-30 ms. After the 
chemical ionization region, ions accelerated through a series of charged focusing lenses, to 
control clustering efficiency, in a collisional dissociation chamber held at 5 Torr. The ions pass 
through a 0.2 cm-ID orifice into the final chamber (~10
-8 
Torr), where they are detected using a 
19 mm quadrupole and detector (Extrel CMS). 
2.3 CFSTGC. 
The continuous flow streamwise thermal gradient cloud condensation nuclei chamber provides 
CCN activity information of aerosols when operated in tandem with a scanning mobility particle 
sizer (SMPS) [Lance et al., 2006; Roberts and Nenes, 2005]. In Chapter 5, aerosols pass through 
a differential mobility analyzer (DMA) and are classified by size based on electric mobility. The 
effluent is split between a condensation particle counter (CPC) (measuring total concentration of 
particles) and the CFSTGC (measuring CCN activity). In the CFSTGC, aerosols are introduced 
to a cylindrical growth chamber with varying supersaturation conditions with respect to water 
vapor (100.1 – 101%), and some sub-fraction activates and grows to form cloud droplets, which 
are then counted and measured using an optical particle counter. As the DMA voltage is cycled 
and scanned, a CCN size distribution and activation ratio is determined using inverted time-
series information of the total aerosol concentration and the sub-fraction of activated droplets 








SURFACE TENSION DEPRESSION BY LOW-SOLUBILITY ORGANIC 
MATERIAL IN AQUEOUS AEROSOL MIMICS 
 
3.1 Introduction 
Surface-active organic material, including long-chain fatty acids (LCFAs), is a common 
component of tropospheric aerosols. It has been proposed that surfactants form films on aqueous 
aerosol particles in an “inverted micelle” configuration [Ellison et al., 1999; Gill et al., 1983]. As 
shown for bulk films and laboratory-generated aerosols, such surface films can retard mass 
transfer across the gas-aerosol interface, potentially affecting aerosol heterogeneous reactivity 
and cloud formation [Asad et al., 2004; Broekhuizen et al., 2004a; de Gouw and Lovejoy, 1998; 
Hearn and Smith, 2004b; Moise and Rudich, 2002; Pradeep Kumar et al., 2003; Shilling et al., 
2007; Vesna et al., 2008; Zahardis and Petrucci, 2007; Ziemann, 2005]. There is indirect 
evidence for organic surface films on ambient atmospheric aerosols, including observations of 
core-shell morphology for particles which have been sampled, dried, and probed offline [Buseck 
and Pósfai, 1999; Mochida et al., 2002; Peterson and Tyler, 2002; Pósfai et al., 2004; Russell et 
al., 2002; Tervahattu et al., 2002a, 2002b, 2005] and surface tension depression in aqueous 
extracts of aerosols, fogwater, and rainwater [Asa-Awuku et al., 2008; Cavalli et al., 2004; 
Decesari et al., 2003; Facchini et al., 1999, 2000; Kiss et al., 2005; Mazurek et al., 2006; Salma 
et al., 2006; Taraniuk et al., 2007]. However, the existence of these films over a wide range of 
conditions has not been confirmed directly, due to a lack of analytical techniques able to probe 





Other surfactant phases besides a surface layer are also possible in the aerosol, including 
micelles, oil or lamellar phases, and crystals, and these may exist in equilibrium with each other 
and/or a surface monolayer [Cistola et al., 1988; Hede et al., 2011; Tabazadeh, 2005]. Primarily 
organic particles with inorganic inclusions [Pósfai et al., 2004] and gel-like mixtures [Leck and 
Bigg, 2005a, 2005b] have also been observed for mixed organic/inorganic particles. It has been 
suggested that the formation of micelles limits the ability of surface-active organics in aerosols to 
reduce the surface tension of a particle beyond  ≈ 10 dyne cm
-1
 [Tabazadeh, 2005]. Based on 
studies of idealized systems, it is clear that the stable configuration of surfactants in solution 
depends on a number of factors, including the pH and ionic content of the solution [Cistola et al., 
1988; Johann and Vollhardt, 1999; Matijevic and Pethica, 1958; Setschenow, 1889], so it is not 
possible to simply extrapolate surface tension measurements performed at other conditions to  
atmospherically relevant scenarios (i.e. low pH, multiple organic species, high ionic content). 
The surface tensions of aqueous solutions containing stearic and oleic acids, two prevalent LCFA 
atmospheric aerosols, have previously been studied on aqueous subphases at basic and slightly 
acidic pHs [Andreas et al., 1938; Chumpitaz et al., 1999; Fu et al., 2000; Theander and Pugh, 
2001]. However, the pH of atmospheric aerosols can range from 0-8, and little work has been 
performed at pH < 3 [Keene et al., 2004; Zhang et al., 2007]. In addition, at typical atmospheric 
relative humidity, aerosols may become supersaturated in salt, yet previous studies in the 
literature have focused only on the surface tension behavior of these fatty acids in water or dilute 
salt solutions. The aerosol community lacks sufficient data on the surface-bulk partitioning of 
most naturally occurring organic surfactants under conditions typical of aqueous aerosols to 
accurately predict the formation of organic surface films as a function of aerosol chemical 





under atmospherically relevant conditions expected in atmospheric aerosols. We investigated the 
surface/bulk partitioning of stearic acid (SA) and oleic acid (OA) in water and aqueous solutions 
of ammonium sulfate (AS) and sodium chloride (NaCl). We used pendant drop tensiometry to 
measure surface tension depression by these species as a function of pH, organic concentration, 
and salt content. Implications for film formation in atmospheric aerosols will be discussed. 
3.2 Materials and Methods 
The sodium salts of OA and SA, sodium oleate and stearate, are more soluble in water than their 
acid forms, oleic and stearic acid. For this reason, sodium oleate and sodium stearate were used 
to prepare solutions in this study, and the pH of each solution was adjusted as described below. 
As the pH of solutions containing these LCFAs decreases, both oleate and stearate ions convert 







 ↔ C17H33COOH + H2O + Na
+







 ↔ C17H35COOH + H2O + Na
+
    (3.2)   
At pH 1, given that the pKa of oleic acid is 5.02 [Riddick et al., 1986], the ratio of oleate to non-
dissociated oleic acid is 9.5499×10
-5
; nearly all of the organic will remain non-dissociated at 
acidic conditions.  
Bulk solutions were prepared by dissolving either sodium oleate (TCI) or sodium stearate (MP 
Biomedicals) in Millipore water. The solutions were gently heated and stirred for ~ 30 minutes, 
and were then removed from heat. The inorganic ion effect on surface tension depression was 
tested by adding either ammonium sulfate (Fischer Scientific) or sodium chloride (VWR). 
Surface tension measurements using pendant drop tensiometry (PDT) were performed and 
analyzed following the methodology described in Chapter 2. PDT experiments were typically 





composition of aqueous atmospheric aerosol particles.  Solutions were also tested with varying 
organic and salt concentrations in order to characterize the effect of “salting out” on surface film 
formation [Setschenow, 1889]. HNO3 was added drop-wise to the solutions at room temperature, 
with continuous stirring, until the desired pH was reached as measured to within ± 0.1 pH units 
using an Accumet 20 digital pH meter. Solutions of pH 0-8 were studied in order to sample the 
range of pH relevant to tropospheric aerosols and to elucidate LCFA phase behavior. In most 
cases some solid organic precipitate formed upon pH adjustment or addition of salt; the 
supernatant was used for surface tension measurements after the solution equilibrated at least 24 
h. In order to verify that there were no significant bulk depletion effects from surface-bulk 
partitioning of the organic during PDT measurements on the saturated supernatant solution, we 
compared the number of organic molecules at the surface of the drop to the total organic content. 
Using an oleate footprint of 48 Å
2
 [Langmuir, 1917b] and a 40 μL aqueous droplet with the 
lowest concentration of sodium oleate tested (0.001 M), and assuming a full monolayer of 
coverage, we calculate that nearly all of the oleate remains within the bulk phase (~ 99%). 
Solubility will decrease with decreasing pH until the solubility equals that of the LCFA form (for 
stearic acid: ~ 10
-5
 M in H2O at 20°C) [Haynes, 2011]. For a bulk aqueous concentration of 10
-5
 
M, ~ 50% of the organic remains within the bulk phase, while the remainder is at the surface of 
the drop. The presence of salt will further decrease solubility. Control experiments were 
performed in order to test the effect of bulk depletion: droplets of aqueous SA solution (~ 3×10
-3 
M) at pH 2 including the solid precipitate were sampled for PDT analysis. The droplets 
equilibrated at least 5-15 minutes before images were taken and σ  = 50.5 ± 0.9 dyn cm
-1
. This is 
comparable to the surface tension of saturated SA supernatant at pH 2, (σ  = 53.1 ± 1.0 dyn cm
-
1





Additional control experiments were performed to determine whether the addition of nitric acid 
affected the surface tension of the salt solutions in the absence of organics. For these tests, the 
maximum amount of nitric acid necessary to adjust saturated OA in saturated AS, NaCl or H2O 
solutions to the lowest pH (~ pH 0.5) was determined. This amount of nitric acid was then added 
to H2O, saturated AS or NaCl with no organic present and the surface tension was measured and 
compared to the surface tension of the pure non-acidified salt solutions. The effect of acid was 
found to be negligible, giving a difference in surface tension of < 3% in each case. 
3.3  Results and Discussion  
Measurements were performed while varying three parameters: concentration of organic and 
inorganic species, and pH. The results are detailed in the following sections. 
3.3.1 Effect of varying organic concentration.  
Table 3.1. Szyszkowski-Langmuir fit parameters for saturated stearic acid and oleic acid in 3.1 
M AS at pH 3. 








) b (kg water (mol carbon)
-1
) 
Stearic Acid 78.5 2.4 ± 0.2 502.3 ± 128 




Figure 3.1 shows the effect of increasing organic concentration on surface tension in 3.1 M AS at 
pH 3 for A) SA and B) OA. For both SA and OA, as the organic concentration increased toward 
saturation, the surface tension decreased by ~ 30 and 45% of the value of pure water (72 dyn  
cm
-1
), respectively. Surface tension dependence on organic content follows the Szyszkowski-
Langmuir equation, as given by Facchini et al. [1999], 
σ = σo – aT ln (1+bC)        (3.3) 
Values of σo were taken from the International Critical Tables [Washburn, 2003]. The fit 






Figure 3.1. Varying (A) stearic acid and (B) oleic acid in 3.1 M (NH4)2SO4 at pH 3. The solid 
line is the fit to the Szyszkowski-Langmuir equation, Eq. (3.3), and the gray dotted lines are the 
confidence intervals. The error bars represent the weighted average surface tension from multiple 
measurements associated with each data point. 
 
3.3.2 Effect of varying salt.  
Figure 3.2 shows the effect of varying AS concentration with 1.7 mM stearic acid at a constant 





roughly constant at 51.3 ± 0.4 dyn cm
-1
. As the concentration of salt increases, the surface 
tension increases, however, the surface tension is always less (up to 36%) than that of a pure 
saturated AS solution [Washburn, 2003]. Solubility of the organics is expected to decrease with 
increasing salt concentration (“salting-out”) [Setschenow, 1889]. High salt concentrations have 
been shown to enhance surface tension depression by soluble surfactants [Matijevic and Pethica, 
1958]. 
 
Figure 3.2. Varying (NH4)2SO4 concentration with 1.7 mM stearic acid (SA) at pH 3. The line 
indicating the surface tension of pure aqueous (NH4)2SO4 is based on values from the 
International Critical Tables. The error bars represent the weighted average surface tension from 
multiple measurements associated with each data point. 
 
3.3.3 Effect of varying pH.  
Tropospheric aerosol pH can be as low as 0 for aerosols with a large H2SO4 component or as 
high as 8 for freshly emitted sea salt particles, but most commonly aerosol pH is between 3-5 

























free solutions was observed for solutions containing OA or SA at all pH values studied, the 
effect of varying pH on aqueous droplet surface tension depends on whether or not salt is 
present. For all varying pH studies, saturated salt and organic concentrations were used. At pH 
values below the ionization range of oleic and stearic acid (pH < 4), both organics formed oily 
mixtures in water and salt solutions, with decreased solubility of the organic, regardless the 
presence of salt.  
 
Figure 3.3. Saturated oleic acid (OA) and stearic acid (SA) in saturated NaCl, (NH4)2SO4 and 
water with varying pH. The lines indicate the surface tension of pure aqueous salt solutions and 
water based on values from the International Critical Tables. The error bars represent the 
weighted average surface tension from multiple measurements associated with each data point. 
 
OA in H2O shows significant surface tension depression, with surface tension values decreasing 
through the ionization range (oleic acid pKa = 5.02, [Riddick et al., 1986]) until stabilizing at 
26.3 ± 0.2 dyn cm
-1
 at higher pH values (Figure 3.3). The observed decrease in surface tension 





becomes favored. Aqueous solutions of SA show a slight decrease in surface tension as pH 
increases from 0 to 3, and a constant surface tension (~ 35 dyn cm
-1
) at more basic pH (≥ 6.5) 
(Figure 3.3). OA in salt solutions (both AS and NaCl) depresses solution surface tension for each 
pH tested. The observed surface tension was roughly constant with pH (45.2 ± 0.2 and 42.3 ± 0.2 
dyn cm
-1
 in AS and NaCl, respectively), most likely due to the maximum organic concentration 
having partitioned to the surface of the droplet as a result of “salting-out”.   
Several studies of stearic and oleic acid monolayers on aqueous substrates have been performed, 
many of which focused on the surface pressure [Ebeltoft et al., 1994; Florence and Harkins, 
1938; Labourdenne et al., 1996; Langmuir, 1917a; Marsden and Rideal, 1938; Schulman and 
Hughes, 1935] and packing efficiency [Gilman et al., 2004; Zeno et al., 2004]; however, few of 
these studies were performed at atmospherically relevant conditions. Walker [1921] performed 
surface tension measurements of these acids in water, mixed with NaOH (in order to form 
organic salts) at varying temperatures (20-90
o
C), and found minimum surface tensions of 23 dyn 
cm
-1
 for oleic and stearic acid (however, the stearic acid was impure and contained up to 40% 
palmitic acid). Lottermoser [1935] measured the effect of gaseous CO2 on the surface tension of 
water and both acids with NaOH and found that the presence of CO2 resulted in a slight increase 
in surface tension.  
In water, the minimum surface tension of oleic acid is typically between 25-30 dyn cm
-1
 
[Andreas et al., 1938; Chumpitaz et al., 1999; Fu et al., 2000; Theander and Pugh, 2001]. Oleic 
acid has also been studied in different solvents such as glycerol, cyclohexane and hexane, or in 
the presence of fluorites [Flores Luque et al., 1977; Sinz et al., 2011; Yehia, 1997]. Minimum 
surface tensions in these systems were 38, 24 and 44 dyn cm
-1
, respectively.  Zhao et al. [2009] 





found a minimum surface tension of ~ 27 dyn cm
-1
. Measurements on interfacial surface tension 
using stearic acid and hexane decreased as the pH increased [Cratin, 1993]. Slauenwhite and 




The surface tension we measured for saturated sodium oleate and sodium stearate in H2O at basic 
pH are similar to those values observed by Andreas et al. [1938]. They also observed a minimum 
σ ~ 25 dyn cm
-1
 for sodium oleate; for sodium stearate, σ ~ 30 dyn cm
-1
 was found at time scales 
relevant to this study. Our measured surface tension values for sodium oleate in H2O are also 
consistent with those tested over a range of basic pH values by Theander and Pugh [2001]. In all 
studies performed here, sodium oleate depressed surface tension more than sodium stearate. This 
is attributed to the higher solubility of sodium oleate at room temperature [McBain and Sierichs, 
1948].  
Xin et al. [2008] observed a minimum surface tension of 25.8 dyn cm
-1
 from sodium oleate in 
NaCl at pH 7.6, lower than that observed within our system (Figure 3.3). However, they used a 
maximum of 0.1 M NaCl, whereas our solutions were saturated with NaCl at concentrations at 
least 50× higher. Reid et al. [2011] studied oleic acid/NaCl systems and predicted the formation 
of an organic lens, rather than an “inverted micelle” morphology. They also measured the surface 
tension of a 0.3 mM oleate/2.5 M NaCl bulk solution to be 25.1 mN m
-1
 with a Wilhelmy plate. 
We measured the surface tension of a similar solution using PDT, allowing comparable time 
scales for droplet equilibration, and observed a minimum surface tension value of 35 dyn cm
-1
. 
The observed difference could be due to variations in sample preparation and experimental 
technique. The inorganic and organic concentration ranges probed in this paper were otherwise 





The surface tension depression we have observed exceeds the maximum 10 dyne cm
-1
 reduction 
predicted by Tabazadeh, despite the likely presence of micelles in our saturated solution samples 
(the critical micelle concentration of sodium stearate or sodium oleate is ~ 5.6 ×10
-4
 M) 
[Tabazadeh, 2005].  This is consistent with the notion that micelles or other phases exist in 
equilibrium with, rather than competing with, a surface monolayer [Cistola et al., 1988].   
3.4 Atmospheric Implications and Conclusions 
Laboratory studies show that surface films of SA and OA can suppress the uptake of N2O5 and 
influence aerosol CCN activity [Abbatt et al., 2005; King et al., 2009; McNeill et al., 2007; 
Schwier et al., 2011]. It should be noted that aerosols with core-shell morphology that are 
generated in the laboratory for heterogeneous chemistry or CCN activity studies are not 
necessarily representative of atmospheric aerosol morphology; they are often pH ~ 7 [McNeill et 
al., 2007], and/or the organic surface films are prepared via condensation of organic vapors at 
elevated temperatures from the gas phase [Abbatt et al., 2005; McNeill et al., 2008]. In this 
study, we have shown that oleic and stearic acids significantly depress the surface tension of 
aqueous solutions with compositions mimicking tropospheric aerosol water over a range of pH 
and salt concentrations. This suggests that the formation of organic films at the gas-aerosol 
interface, leading to surface tension depression, is indeed favorable for these species under 
atmospherically relevant conditions, with the associated implications for aerosol heterogeneous 
chemistry and CCN activity.  
In atmospheric aerosols, multiple surface active organic species will be present. Mixtures of fatty 
acids tend to exhibit melting point depression compared to the pure components [Grondal and 
Rogers, 1944; Zhang et al., 2001]. The presence of mixed organics in solution results in chain 





greater fraction of ionized molecules at a given pH, and increased solubility [Kanicky and Shah, 
2002]. Thus LCFA solubility, and therefore film formation, is likely enhanced in typical aqueous 







GLYOXAL-METHYLGLYOXAL CROSS-REACTIONS IN SECONDARY 
ORGANIC AEROSOL (SOA) FORMATION 
 
4.1 Introduction 
Organic matter is a ubiquitous component of atmospheric aerosols. Inorganic aerosols may 
acquire an organic component via in situ interactions with volatile organic compounds (VOCs), a 
family of processes known as secondary organic aerosol (SOA) formation [Hallquist et al., 
2009]. SOA formation is one of the greatest sources of uncertainty in estimations of aerosol 
forcing on climate [Hallquist et al., 2009; Kanakidou et al., 2005]. 
Glyoxal (G) and methylglyoxal (MG) are gas-phase oxidation products of many anthropogenic 
and biogenic volatile organic compounds (VOCs) [Grosjean et al., 1993; Paulson and Seinfeld, 
1992; Tuazon et al., 1986]. In several cases, including isoprene and toluene oxidation, G and MG 
are both oxidation products of the same VOC [Grosjean et al., 1993; Paulson and Seinfeld, 
1992; Tuazon et al., 1986]. G and MG have recently attracted much attention as potential SOA 
precursors [Altieri et al., 2008; Carlton et al., 2007, 2008; Corrigan et al., 2008; De Haan et al., 
2009; Ervens et al., 2004, 2008; Fu et al., 2009; Galloway et al., 2009; Hastings et al., 2005; 
Kalberer et al., 2004; Kroll et al., 2005; Liggio et al., 2005b; Lim et al., 2005; Nozière et al., 
2009; Sareen et al., 2010; Shapiro et al., 2009; Volkamer et al., 2007, 2009; Yasmeen et al., 
2010; Zhao et al., 2006]. SOA formation by these volatile α-dicarbonyl species occurs via their 
uptake into the aqueous phase of an aerosol particle or cloud droplet, followed by aqueous-phase 





heterogeneous SOA formation pathways have been identified for G and MG separately, these 
species are unlikely to be found in isolation in the atmosphere [Grosjean et al., 1993; Paulson 
and Seinfeld, 1992; Tuazon et al., 1986]. These highly reactive species resemble each other 
structurally and participate in similar self-oligomerization chemistry in aqueous systems [Sareen 
et al., 2010; Shapiro et al., 2009]. Therefore, significant cross-reaction may occur when both G 
and MG are present. Cross-oligomerization between G and MG could increase the expected SOA 
yield from these precursors. Additionally, we have shown that the secondary organic products 




 may change the optical properties of the 
aerosol, and MG may affect the aerosol surface tension [Sareen et al., 2010; Shapiro et al., 
2009].
 
In order to evaluate the atmospheric significance of these observations, we must study the 
SOA formation chemistry of G and MG as it would most likely occur in nature: simultaneously 
in a mixed system. 
In this work, we studied the chemistry of G and MG together in aqueous aerosol mimics 
containing ammonium sulfate (AS). We characterized the formation of light-absorbing 
secondary organic products using UV-Vis spectrophotometry. We found that a model based on 
the formation kinetics and optical properties of self-reaction products is sufficient to describe the 
observed kinetics of formation of products absorbing at 280 nm. We also showed that the effects 
of G and MG on the surface tension of the solution are additive. Aerosol chemical ionization 
mass spectrometry (Aerosol-CIMS) was used to characterize reaction mixtures, and while most 
peaks observed corresponded to G or MG self-reaction products, some peaks consistent with 
products of G-MG cross-reaction by aldol condensation or hemiacetal formation mechanisms 





these precursors, but that they need not be explicitly taken into account when modeling the 
effects of G and MG uptake on aerosol surface tension or light absorption.   
4.2 Materials and Methods 
Solutions were prepared using Millipore water and a total mixed organic (G + MG) 
concentration ranging from 0-2.0 M. Three different molar ratios of G:MG were tested: 3:1, 1:1, 
and 1:3. Solutions were prepared from 40 wt% aqueous stock solutions of each organic (Fisher 
Scientific, Acros Organics). High, near-saturation salt concentrations (3.1 M AS) were used in 
most of the reaction mixtures studied in order to mimic the composition of aqueous atmospheric 
aerosol particles [Sareen et al., 2010; Shapiro et al., 2009]. The AS concentration was varied 
from 0 to 3.1 M in order to probe the kinetics of the reactions of G and MG with the ammonium 
ion. The pH of each solution was tested using an Accumet model 15 pH/conductivity meter 
(Fisher Scientific). The pH of these solutions with no buffering or addition of acid ranged from 
pH = 2.7(±0.1) to 4.9(±0.1) depending on the amount of organics present. These pH values all 
fall within the range of pH relevant to tropospheric aerosols [Keene et al., 2004; Zhang et al., 
2007]. The acidity of these mixtures is due to trace impurities of pyruvic acid and glyoxylic acid 
in the stock solutions [Sareen et al., 2010]. In experiments where pH was varied, the desired pH 
was obtained by adding dilute HNO3 to the reaction mixtures. All solutions were prepared in 100 
mL Pyrex volumetric flasks, were sampled at ambient temperature and pressure, and were not 
protected from ambient light. Exposure to light was not observed to affect the formation of light-
absorbing products in the G-AS and MG-AS systems [Sareen et al., 2010; Shapiro et al., 2009]. 
4.2.1 UV-Visible Spectrophotometry.  
The UV-Vis absorption spectrum of samples was measured using an HP 8453 UV-Visible 





4.2.2 Surface Tension measurements.  
Surface tension measurements using PDT were performed and analyzed following the 
methodology described in Chapter 2. 
4.2.3 Aerosol-CIMS.  
Mass spectrometry measurements using Aerosol-CIMS were performed following the 
methodology described in Chapter 2. 
4.3 Results and Discussion 
Similar to our previous observations of G and MG reacting separately in aqueous aerosol mimics 
containing ammonium salts, we observed that aqueous mixtures of G, MG, and AS changed 
color, becoming darker with time. The results of our characterization of this reactive system 
using UV-Vis spectrophotometry, pendant drop tensiometry and Aerosol-CIMS are detailed in 
the following sections.  
4.3.1 UV-Vis absorption and kinetics.  
Figure 4.1 shows UV-Vis absorption spectra of solutions containing 3.1 M AS and varying initial 
concentrations of organics (G:MG 1:1) 24 hours after mixing. As we observed previously for the 
G-AS and MG-AS systems, a peak ~280 nm increases in magnitude with increasing total organic 
concentration [Sareen et al., 2010; Shapiro et al., 2009]. A shoulder at 345 nm also appears at 
high organic concentrations (≥ 0.03 M) after a delay of ~10 h, consistent with our observations 
of the G-AS system [Shapiro et al., 2009]. Figure 4.2 shows the time evolution of the peaks at 
280 nm and 345 nm for an aqueous solution containing 0.05 M total organic concentration 
(G:MG 1:1) and 3.1 M AS. As we showed previously using density functional theory, the 





and aldol condensation products. Aldol condensation products and N-substituted species may 
absorb at 345 nm [Sareen et al., 2010; Shapiro et al., 2009]. 
 
Figure 4.1. UV-Vis spectra of aqueous solutions containing 3.1 M (NH4)2SO4 and varying total 
organic concentration (G:MG 1:1). Spectra were measured 24 h after mixing. 
 
Additional experiments were performed to test the effects of varying G:MG ratio, pH, AS 
concentration and initial total organic concentration (Figure 4.3). The absorbance at 280 nm 
increases linearly with a decreasing G:MG ratio. This is consistent with our observations that the 
reaction products formed in the MG-AS system absorb more strongly at 280 nm than those in the 
G-AS system [Sareen et al., 2010]. It also suggests that the absorption of G-MG cross products 
at 280 nm can be represented by a linear combination of the absorptions of G-G and MG-MG 
self-reaction products. G-MG cross-reaction products are expected to have similar molecular 
structures to the self-reaction products. Therefore, they should absorb light at similar 
wavelengths [Sareen et al., 2010; Shapiro et al., 2009].
 
 Density functional theory calculations 
confirm that an example aldol condensation cross-product absorbs at ~280 nm with an oscillator 































Figure 4.2. Time dependence of light absorption at (A) 280 nm and (B) 345 nm for solutions 
containing 3.1 M AS, 0.05 M total organics (G:MG 1:1), and pH = 3.9. The curve shown in 
panel (A) is from the mathematical model described by equations (4.1 - 4.5).  
 
Absorbance at 280 nm also varied linearly with total organic concentration, pH, and AS content. 




 is the rate-limiting 
step in the formation of the products responsible for the absorbance at 280 nm [Sareen et al., 
2010]. Both aldol condensation and acetal formation are initiated by protonation of the carbonyl. 
We modeled the kinetics of the formation of light-absorbing products. The modeling effort was 





























































atmospherically relevant organic concentrations and time scales. The rate of formation of 
absorbing products was modeled based on the rate-limiting initiation step: the protonation of G 
or MG. The linear dependence of absorption at 280 nm on the G:MG ratio as shown in Figure 
4.3(a), was used to create the overall rate equation as follows: 
[ ] [ ]
G MG





   
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      (4.1) 
where Abs is the absorbance at 280 nm, εG and εMG are the average molar absorptivities of 
products formed by the self-reactions of G and MG at 280 nm, respectively, and l is the path 
length. The time evolution of the reactants was described by the following equations: 
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 are the rate constants for the protonation of G and 
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for G-AS. An additional G-AS
 
experiment was 
performed in order to constrain kD
II










. We used POLYMATH 6.10 (Polymath Software) to numerically integrate 
equations (4.1)-(4.5) and found that the kinetic model describes the data in Figures 4.2 and 4.3 
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 are used. Fit statistics are 
provided in §4.3.1.3. This observation that the formation of light-absorbing products in the 
mixed G-MG system can be modeled without explicitly accounting for cross-reactions simplifies 
the future representation of this process in atmospheric chemistry and climate models. This does 
not imply that cross-products do not contribute to the observed light absorption, but rather that 
their formation mechanisms share a common rate-limiting step with the self-reaction products 
(protonation of the carbonyl), and their absorptivity at 280 nm can be modeled as a linear 







Figure 4.3. Effect of experimental variables on light absorption of aqueous aerosol mimics at 
280 nm: (A) varying G:MG ratio, with 50 mM total organics, 3.1 M AS, and pH = 3.9(0.2), (B) 
1 mM total organics (G:MG 1:1), 3.1 M AS and varying pH, (C) 32.4 mM total organics (G:MG 
1:1) and varying initial concentrations of AS, pH = 4.0(0.2), (D) 3.1 M AS, pH = 4.1(0.1) and 
varying initial concentrations of total organics (G:MG 1:1). All measurements were made 3 h 
after mixing, except the data in panel (A), which were obtained 1 h after mixing. The error bars 
reflect uncertainty in the absorbance based on variation in the baseline signal. The curves shown 
are from the mathematical model described by equations (4.1-4.5). 
 
4.3.1.1  Density functional theory calculations. 
Jaguar 7.6 (Schrödinger, LLC) was used for ab initio predictions of the UV-Vis absorption of 































































































































































































































performed using density functional theory (DFT) with the B3LYP functional and the cc-pVTZ(-
f) basis set [Kendall et al., 1992]. Time-dependent DFT (TD-DFT) calculations were then used 
for the excited states, again with B3LYP/cc-pVTZ(-f) [Gross and Kohn, 1990].   



































4.3.1.2. Calculation for pH dependence of the formation of light-absorbing products by 
glyoxal in aqueous ammonium sulfate. 
 
Figure 4.4. Absorbance at 280 nm for aqueous solutions of 1.62 mM glyoxal (G) in 3.1 M 
(NH4)2SO4 with varying pH. The measurements were made 3 hr after mixing. The y-error bars 
reflect uncertainty in the absorbance based on variation in the baseline signal, and the x-error 




































 [Shapiro et al., 2009].  Based on the data in Figure 4.4 we 




 and an 
upper bound for the rate constant for glyoxal reacting with H3O
+




. The curve 





 to produce products which absorb light at 280 nm: 
          (4.6) 
 
          (4.7) 
 
          (4.8) 
 
Polymath 6.1 was used to numerically integrate eqns. (4.6)-(4.8). Good agreement with the 





















  were used.     
4.3.1.3 Model fit statistics. 
‘Goodness of fit’ (
2











        (4.9) 
where N is the number of observations in a given dataset, Aexp,n is experimentally observed 
absorbance at 280 nm for a given condition, and Amodel,n is the corresponding model prediction.  
All model predictions were obtained using equations (4.1)-(4.5) in the manuscript, with the 
parameters listed in Table 4.2. 
2 
for the datasets presented in Figures 4.2, 4.3, and 4.4 are listed 
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Time series (Figure 4.2a) 0.0075 
Varying ratio G:MG (Figure .3a) 0.048 
Varying pH (Figure 4.3b) 0.087 
Varying salt (Figure 4.3c) 0.0074 
Varying total organic (Figure 4.3d) 0.0067 
Glyoxal, varying pH (Figure 4.4) 0.0042 
 
4.3.2 Surface Tension.  
Results of surface tension measurements of solutions containing a 1:1 mixture of G and MG is 
shown in Figure 4.5(a). Surface tension decreases with increasing total organic content. The 
effect is enhanced when AS is also present in the solution, probably due to “salting-out” [Sareen 
et al., 2010; Setschenow, 1889]. The observed surface tension depression can be described by the 
Szyszkowski-Langmuir equation [Adamson and Gast, 1997; Henning et al., 2005] : 
σ = σo –aT ln (1+bC)        (4.10) 
with values of σo taken from the International Critical Tables [Washburn, 2003]. Fit parameters 






















(kg water (mol C)
-1
) 
G-MG (H2O, no salt) 72.0 0.023 ± 0.003 2 ± 1 
G-MG (3.1 M AS) 78.5 0.0189 ± 0.0006 83 ± 13 
MG (3.1 M AS) [Sareen et al., 2010] 78.5 0.0185 ± 0.0008 140 ± 34 
G (3.1 M AS) [Shapiro et al., 2009] 78.5 0.00 0.00 
 
 
Experiments shown in Figure 4.5(b) were performed at 2 and 0.05 M total organics in 3.1 M AS, 
with ratios of G:MG varying from 3:1 to 1:3. The data are plotted as a function of MG content 
for comparison with our previous study of the MG-AS system [Sareen et al., 2010]. It is 
apparent that the surface tension depression in the mixed G-MG system is determined only by 
MG content and is not affected by the presence of G [Shapiro et al., 2009]. G and its self-
oligomerization products were not observed to depress surface tension in aqueous AS [Shapiro et 
al., 2009]. Therefore, surface tension depression in the G-MG system can be described by an 







Figure 4.5. Pendant drop tensiometry results. Surface tension is shown for (A) aqueous solutions 
with and without 3.1 M (NH4)2SO4, with G:MG 1:1 at various initial concentrations, and (B) for 
3.1 M (NH4)2SO4 and a total organic concentration of 0-2 M, with varying ratios of G:MG, 
plotted as a function of MG concentration. The curves in panel (A) are weighted nonlinear least 
squares fits to the data using the Szyszkowski-Langmuir equation (Eq. 4.6). MG-only data from 
Sareen et al. [2010] along with the Szyszkowski-Langmuir curve and confidence intervals from 
fits to that data are shown for reference in panel (B). Each point represents the weighted average 
of five to eight measurements, taken at 24 hours after mixing, and the error bars indicate the 






4.3.3 Aerosol-CIMS.  
Aerosol-CIMS proposed peak assignments and mass spectra for the G-MG/AS system are shown 




) show products of 
G-G and MG-MG self-reaction. Peaks consistent with products of G-MG cross reaction via aldol 
condensation and hemiacetal pathways were also observed. In control experiments, aqueous 
solutions containing G and MG were tested and show observable signal at many of the peaks 
observed in the G-MG/AS spectra. This is consistent with the notion that a major role of NH4
+
 in 
this system is to promote the formation of oligomers that may also be present (in lower 
quantities) in the absence of salt [Barsanti and Pankow, 2005; Krizner et al., 2009; Kua et al., 
2008; Nemet et al., 2004; Sareen et al., 2010]. Data from the control experiments are seen in 
Figure 4.6. 
4.3.3.1 Negative ion detection with I
-
.  
The mass spectrum shown in Figure 4.7(a) was obtained using I
-
 as the reagent ion. The use of 
Aerosol-CIMS with I
-
 as a reagent ion for the detection of organic acids, acetal oligomers, and 
aldol condensation products has been described previously [McNeill et al., 2007; Sareen et al., 
2010]. Most of the peaks in the mass spectrum, including those at 217.1, 225.0, 275.1, and 289.5 
amu, correspond to masses of MG self-reaction products [Sareen et al., 2010]. Peak assignments 
are listed in Table 4.5. Those compounds include hemiacetal oligomers and aldol condensation 
products formed by MG self-reaction. For detailed discussion of the MG self-oligomerization 
compounds, the reader is referred to Sareen et al. [2010].  
The peak at 203.1 amu is consistent with monohydrated G, I
-
·C2H4O3. The remaining major 
peaks are attributed to products of G self-reactions and G-MG cross-reactions. Each of the 







 [Sareen et al., 2010]. The peak at 260.8 amu corresponds to either I
-
·C4H6O5, a G self-
reaction hemiacetal dimer [De Haan et al., 2009; Galloway et al., 2009; Hastings et al., 2005; 
Liggio et al., 2005a, 2005b] or I
-
·C5H10O4. The molecular formula C5H10O4 is consistent with a 
G-MG dimer, but its formation mechanism is unknown.  
Table 4.5. Proposed peak assignments for Aerosol-CIMS mass spectra obtained using I
-
 as the 
reagent ion. Reported mass uncertainty reflects the peak width at half maximum at 126.9 amu.  
*: reported by Sareen et al. [2010] 
m/z (amu) 
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Table 4.6. Proposed peak assignments for Aerosol-CIMS mass spectra with H3O
+.
(H2O)n as the 
reagent ion. Reported mass uncertainty reflects the peak width at half maximum at 55.1 amu.  
m/z (amu) 











































    


























































































































      G-MG aldol  
 





























G-MG aldol  
 G-MG hemiacetal 
MG-MG (unknown 
mechanism)* 
193.1 C6H9O7+ C6H8O7 
  











 G-MG-MG  





















*reported by Sareen et al. [2010] **reported by Galloway et al. [2009]***reported by Liggio et 






Figure 4.6. Control Aerosol-CIMS spectrum obtained using H3O
+
·(H2O)n as the reagent ion. A 
solution containing 2 M total organic (1:1 G:MG) in H2O was diluted and atomized before 
analysis as described in §4.2.3.    
 






·C5H10O6. Multiple species with these molecular formulas may be formed via 
MG-MG self reaction or G-MG cross-reaction via aldol condensation or hemiacetal pathways; 



































































Figure 4.7. Aerosol-CIMS spectra of aerosolized solutions containing G:MG 1:1 in 3.1 M AS. 
(A) Negative-ion mass spectrum obtained using I
-
 as the reagent ion. (B) Positive-ion mass 
spectrum. H3O
+







4.3.3.2 Positive ion detection with H3O
+
·(H2O)n.  
The mass spectrum in Figure 4.7(b) was obtained using H3O
+
·(H2O)n as the reagent ion. Many 
peaks in this spectrum including 125.9, 143.8, 163.1, 165.1, 167.1, 181.2, and 235.3 amu were 
observed previously in the MG-AS system [Sareen et al., 2010]. Peak assignments and possible 
structures are listed in Table 4.6. A detailed discussion of MG self-oligomerization chemistry is 
given in [Sareen et al., 2010]. Peaks analogous to those observed using I
-
 as the reagent ion were 
detected, along with several new peaks; this is consistent with the notion that I
-
 is a more 
selective reagent than H3O
+
·(H2O)n. The peaks at 77.0 and 95.0 amu correspond to the G 
monomer and hydrates or water clusters thereof. A nitrogen-substituted MG-G cross reaction 
product with the molecular formula C5H5O2N could yield the peaks observed at 112.0 and 130.0 
amu. Unresolved signal was observed in the mass spectra of both the MG-G/AS solution and the 
control solution between 114 and 116 amu. 1H-imidazole-2-carboxaldehyde, a product of G self-
reaction in the presence of NH4
+
 reported by Galloway et al. [2009], would appear at 115.1 amu; 
significant signal is observed at that mass. The peak at 115.1 amu is also consistent with an ion 
formula of C5H7O3
+
, corresponding to a MG-G reaction product of unknown formation 
mechanism. A peak is observed at 116.1 amu, which could correspond to an N-substituted G-G 
dimer with ion formula C4H6O3N
+
; the cluster of this species with H2O would appear at 134.1 
amu. Because of the unresolved signal at these masses in the control spectrum, for which no 
NH4
+
 was present, it is not possible to make a conclusive identification of these N-substituted 
species. Peaks at 149.1, 167.1 and 185.3 amu correspond to either cross-reaction products of G 
and MG via aldol condensation and hemiacetal pathways, or MG-MG self-reaction products of 
unknown formation mechanism and structure. The peaks at 153.0 and 229.1 amu correspond to 













; this formula 
could correspond to a MG dimer or a G trimer [Shapiro et al., 2009]. The peak at 221.3 amu is 
consistent with a mixed MG-G trimer (C8H13O7
+
) or a MG trimer (C9H17O6
+
).  
4.3.3.3 Cross-reaction products.  
Analysis of five Aerosol-CIMS mass spectra obtained using the H3O
+
·(H2O)n detection scheme 
shows that cross-reaction products make up 20(6)% to 55(5)% of detected product mass. The 
lower bound was calculated assuming that masses consistent with either self-reaction or cross-
reaction products are self-reaction products; for the upper bound, these peaks were counted as 
cross-reaction products. Details of the calculation are provided in §4.3.3.3.1. On the basis of this 
result, we conclude that cross-reaction products of G and MG contribute to SOA mass formed 
when both species are present in the aqueous phase.   
4.3.3.3.1 Details of the calculation of the detected product mass attributable to cross-reactions.    
Analysis of five Aerosol-CIMS mass spectra obtained using the H3O
+
·(H2O)n detection scheme 
shows that cross-reaction products make up a significant fraction of detected product mass. As 
discussed, masses consistent with cross-reaction products were: 112.0 and 130.0 amu. Self-
reaction products were taken as 116.1, 125.9, 134, 143.8, 163.1, 165.1, 181.2, 193.1, 229.1, and 
235.3 amu. 115.1 and 153.0 amu could be either cross-products or G-G self-reaction products 
[Galloway et al., 2009; Liggio et al., 2005b], and 149.1, 167.1, 185.1, and 221.3 amu could be 
either cross products or MG-MG products [Sareen et al., 2010]. Peak heights for each mass were 
tabulated for five sample spectra.  The percent contribution of cross-products to the detected 














       (4.11) 
where I is the signal intensity at a given peak, and 1…i and 1…j are the masses designated as 
cross- or self-reaction products, respectively. The lower bound ( = 20(6)%) was calculated 
assuming that the signal at 115.1, 149.1, 153.0, 167.1, 185.1, and 221.3 amu is attributable to 
self-reaction products.  These peaks were counted as cross-reaction products in order to obtain 
the upper bound ( = 55(5)%). The error bars reflect the standard deviation in the values of  
across the five sample spectra. This calculation assumes equal sensitivity to all oligomerization 







OZONE OXIDATION OF OLEIC ACID SURFACE FILMS DECREASES 
AEROSOL CCN ACTIVITY 
5.1 Introduction 
Surface-active molecules contain both hydrophilic and hydrophobic moieties; therefore, they 
tend to partition at the gas-liquid interface of aqueous solutions. Given that both water and 
surface-active organics are ubiquitous in tropospheric aerosols, organic films have long been 
hypothesized to exist on aerosol surfaces [Ellison et al., 1999; Gill et al., 1983] with potentially 
important consequences for atmospheric chemistry and climate. Organic films may affect the 
ability of the aerosol to act as CCN [Andrews and Larson, 1993; Asa-Awuku et al., 2008; 
Chuang et al., 1997; Ervens et al., 2005; Facchini et al., 1999; Novakov and Penner, 1993; 
Shulman et al., 1996], ice nuclei [Cziczo et al., 2004; DeMott et al., 2003; Kärcher and Koop, 
2005], and alter aerosol optical properties [Bond and Bergstrom, 2006; Dinar et al., 2008; 
Kanakidou et al., 2005]. These films may act as a barrier to mass transport across the gas-liquid 
interface, with implications for aerosol heterogeneous chemistry [Folkers et al., 2003; McNeill et 
al., 2006; Thornton and Abbatt, 2005] and the rate of water uptake [Asa-Awuku et al., 2009; 
Cruz and Pandis, 2000; Demou et al., 2003; Garland et al., 2005; Gill et al., 1983; Hemming 
and Seinfeld, 2001; Nenes et al., 2002; Rubel and Gentry, 1984; Rudich et al., 2000; Saxena and 
Hildemann, 1997]. Surface-active organics can impact CCN activity by lowering aerosol surface 
tension, thus affecting the Kelvin term of the Köhler equation (eq. (1.1)) [Shulman et al., 1996], 
but they can also affect the Raoult term by altering ns, the number of moles of solute, especially 
when surface-bulk partitioning of solute is taken into account [Kokkola et al., 2006; Sorjamaa et 





Oleic acid (C18H34O2), a surface-active monounsaturated long-chain fatty acid, has been detected 
in urban, rural and marine aerosols [Cheng and Li, 2005; Graham et al., 2003; Kawamura et al., 
2003; Limbeck and Puxbaum, 1999; Robinson et al., 2006a; Schauer et al., 1996, 2002a; 
Simoneit et al., 2004; Stephanou and Stratigakis, 1993; Yue and Fraser, 2004]. It is the most 
common fatty acid found in plant membranes, is prevalent in many cooking oils, and it is used as 
a marker for meat cooking aerosols [Rogge et al., 1991]. Ozonolysis of oleic acid yields nonanal, 
nonanoic acid, 9-oxononanoic acid, and azelaic acid under humid conditions (Figure 5.1), and 
high molecular weight products under dry conditions [Hearn et al., 2005; Hearn and Smith, 
2004b; Katrib et al., 2005a; McNeill et al., 2007; Rudich et al., 2007; Smith et al., 2002; 
Thornberry and Abbatt, 2004; Vesna et al., 2008, 2009; Zahardis et al., 2005, 2006a; Zahardis 
and Petrucci, 2007]. Under atmospherically-relevant conditions, nonanal primarily partitions to 
the gas phase, while the other products remain in the condensed phase. Due to the importance of 
oleic acid as a tracer species [Rogge et al., 1991] and its relatively well-understood O3 oxidation 
mechanism, many studies of the kinetics of oleic acid oxidation have been performed on systems 
of varying morphology, including pure oleic acid particles [Broekhuizen et al., 2004b; Hearn et 
al., 2005; Hearn and Smith, 2004b; Hung et al., 2005; Katrib et al., 2005a; Lee and Chan, 2007; 
Morris et al., 2002; Pfrang et al., 2010; Reynolds et al., 2006; Sage et al., 2009; Smith et al., 
2002; Vesna et al., 2008; Zahardis et al., 2005, 2006a; Zahardis et al., 2006b; Ziemann, 2005], 
mixed organic particles [Hearn and Smith, 2005; Hung and Ariya, 2007; Nash et al., 2006], films 
on polystyrene beads [Katrib et al., 2004, 2005b], films on aqueous sea salt aerosol [King et al., 
2004], films in coated wall flow tube studies [de Gouw and Lovejoy, 1998; Knopf et al., 2005; 
Moise and Rudich, 2000, 2002; Thornberry and Abbatt, 2004], and films on crystal surfaces 






Figure 5.1. Oxidation scheme for oleic acid. When oxidized by O3 under humid conditions, oleic 
acid forms four main products: nonanaldehyde, azelaic acid, nonanoic acid and 9-oxononanoic 
acid. 
 
Pure organic aerosols are generally less hygroscopic and CCN active than deliquescent inorganic 
particles (such as NaCl or (NH4)2SO4) [Petters and Kreidenweis, 2007]. Oxidation of organic 
aerosol material can increase the number of polar, hydrophilic functional groups present in the 
condensed phase, potentially leading to increased hygroscopicity and CCN activity. Oleic acid 
particles have been used extensively as a model system to study the effect of oxidation on the 
CCN activity of organic particles. Pradeep Kumar et al. [2003] created pure oleic acid particles 
through homogenous nucleation and observed no activation for particle sizes up to 140 nm and ≤ 
0.6% supersaturation (SS). Abbatt et al. [2005] studied the CCN activity of ammonium sulfate 
aerosols coated with oleic acid and found that particles with thin (~2.5-5 nm) coatings of oleic 
acid were not CCN active, but that CCN activity increased when the organic mole fraction 
increased. This somewhat counterintuitive result was attributed to the fact that the particle 
















effect. Broekhuizen et al. [2004a] found that oxidation products of oleic acid (nonanoic acid and 
azelaic acid) were highly CCN active. In a separate study, they found that CCN activity was 
enhanced after oxidation for both pure oleic acid particles and particles formed by atomizing a 
solution of oleic acid in methanol [Broekhuizen et al., 2004b]. The enhancement in CCN activity 
occurred at very high ozone exposures (~0.4 atm s) for pure oleic acid particles, and at 
atmospherically relevant exposures (< 1x10
-4
 atm s) for the oleic acid/methanol particles. 
Shilling et al. [2007] determined that 200 nm mobility diameter oleic acid particles, generated 
through either homogenous nucleation or atomization, became CCN active at 0.66(±0.06)% 
supersaturation after exposure to greater than 0.01 atm s O3.  
Despite its atmospheric relevance, the response of mixed inorganic/oleic acid particles to 
oxidation has not been considered in published CCN activity studies. This is an important 
omission, because the acid almost always coexists in the atmosphere with inorganic salts. Little 
is known about the interactions of oleic acid and its oxidation products with water in a high ionic 
strength environment. These issues are addressed in this study. An aerosol flow tube reactor 
coupled with a continuous flow cloud condensation nucleus counter is used to examine the effect 
of ozone oxidation on the CCN activity of aerosol particles containing mixtures of sodium oleate 
(SO)/oleic acid (OA) with inorganic salts (NaCl or Na2SO4).  
5.2  Materials and Methods 





), the sodium salt of oleic acid (C18H34O2), has much higher 
solubility in water than oleic acid. It was used in these experiments to simplify the preparation of 





containing SO is lowered to atmospherically relevant values via acidification (see details below), 







 ↔ C17H33COOH + H2O + Na
+ 
    (5.1) 
For the experiments performed, the setup is shown in Figure 5.2. Polydisperse submicron 
aerosols were generated using a constant output atomizer (TSI 3076). Atomizer solutions were 
prepared using Millipore water with 0.001 M or 0.01 M SO (Sigma Aldrich) and 0.05 M NaCl.  
This technique, using 0.001 M SO, was used by McNeill et al. [2007] to generate aerosols with 
an inferred population-averaged oleate surface coverage of ~92%. The atomizer output was 
combined with a humidified N2 dilution stream. This combined stream was sent through an 
aerosol flow tube reactor (7.5 cm ID, 55 cm length). Relative humidity was measured at the 
 
Figure 5.2. Experimental setup. The solutions were atomized, and combined with humidified N2; 
this flow entered the flow tube reactor simultaneously with O3 in an N2 carrier stream. The 
reactor effluent passed through a drier before being characterized with a Differential Mobility 
Analyzer (DMA), Condensation Particle Counter (CPC) and a Continuous Flow Streamwise 





outlet of the flow tube reactor using a commercial hygrometer (Vaisala) and was maintained 
between 62-67%. Ozone was generated by flowing O2 in an N2 carrier stream through a 
photoreactor containing a Hg lamp (Jelight, Inc.). This stream entered the flow tube reactor 
through a moveable stainless steel injector tube. Ozone concentrations of 0.2 and 1 ppm were 
used. Total flow through the reactor was 0.8 LPM, with a reaction time of 3 minutes. Processed 
aerosols in the reactor effluent flowed through a diffusion drier before being characterized by a 
DMA (TSI 3080), a CPC (TSI 3775) and a CFSTGC (Droplet Measurement Technologies) 
[Lance et al., 2006; Roberts and Nenes, 2005]. Aerosols were size-selected using the DMA, and 
the DMA output flow was split between the CPC and the CFSTGC. The 0.8 LPM entered the 
DMA and split 0.5 LPM to the CFSTGC, 0.3 LPM to the CPC. Scanning Mobility CCN 
Analysis [Moore et al., 2010] was used to determine the size-resolved CCN activity of the 
aerosol, where the voltage applied to the DMA is scanned so that a complete activation curve 
(fraction of classified particles acting as CCN) is obtained every 2 minutes. The average total 




. The size distribution 
of NaCl particles had a geometric surface area-weighted mean particle diameter of 202 ± 7 nm 
with a geometric standard deviation of 1.59. Na2SO4 particles had a particle diameter of 194 ± 5 
nm with a geometric standard deviation of 1.63. 
A second series of experiments was performed in order to test the sensitivity of CCN activity in 
the mixed inorganic-SO aerosols to particle pH because atmospheric aerosols are typically acidic 
[Keene et al., 2004; Zhang et al., 2007].  Under acidic conditions oleate exists in its un-ionized, 
lower-solubility form, oleic acid, according to Reaction 5.1. The atomizer output was passed 
over an H2SO4 reservoir before combining with humidified N2 and entering the flow tube 











, geometric volume-weighted mean diameter Dp = 232 nm, and a 
residence time of ~ 0.8 s in the H2SO4 reservoir, we estimate that the particles are acidified from 
an initial pH = 8 to pH ~ 0.4. The calculation methodology is shown in §5.2.1.1. Given that the 
pKa of oleic acid = 5.02 [Riddick et al., 1986] and pH = 0.4, the ratio of oleate to non-dissociated 
oleic acid in the particles ([C18H33O2
-
]/[C18H34O2]) = 2.3988 x10
-5
, that is, nearly all of the 
organic will be present as oleic acid under these conditions.  For the acidification experiments 





The following control experiments were also performed: “pure” sodium oleate particles were 
generated by atomizing an aqueous solution of 0.001 M SO. In order to investigate possible 
variations in pH buffering by different counterions, experiments were also performed using 
aerosols atomized from solutions containing 0.001 M or 0.01 M SO and 0.06 M Na2SO4. Finally, 
pure inorganic aerosols prepared from solutions containing 0.05 M NaCl or 0.06 M Na2SO4 were 
oxidized with 1 ppm O3 in the flow tube reactor, showing no significant deviation in CCN 
activity from the pure salt calibrations without oxidation.   
5.2.1.1 Calculation for acidification of aerosols with sulfuric acid 
The pH of aerosols flowed over a reservoir of sulfuric acid was calculated using the following 
method: The amount of H2SO4 in the gaseous phase was determined by solving  
2 4 , 2 4 ,[ ] [ ]
Ik t





 and γ is the H2SO4 reaction probability, ω is the 
molecular velocity of H2SO4, and Sa is the aerosol surface area per volume. Using the vapor 
pressure of H2SO4 at 25
o
C and both 93 and 98% H2SO4 (based on the purity of the laboratory 
H2SO4 used), the residence time that the aerosols spent in the H2SO4 reservoir (0.8 sec), and an 















where Np and Vp are number density and volume of the particles (using the volume 
weighted geometric mean diameter) determined by the SMPS. Assuming an initial pH = 8, and 
determining the number of moles of [H
+
], the final pH of the aerosols was determined. 
5.2.2 Data Analysis.  
Köhler Theory provides the framework used to describe cloud droplet formation from activation 
of soluble particles [Cruz and Pandis, 1997; Gerber et al., 1977; Katz and Kocmond, 1973]. A 
single-parameter expression of Köhler theory, referred to as κ-Köhler theory, was introduced by 
Petters and Kreidenweis [2007] to account for the effect of variations in solute hygroscopicity on 
CCN activity. Values of the hygroscopicity factor, κ, of 0.5 < κ < 1.4 are typical for inorganic 
particles in the atmosphere. For hygroscopic organic particles, 0.01 < κ < 0.5, whereas for non-
hygroscopic materials (including highly hydrophobic organics) κ approaches zero. κ is derived 
from the CCN activity data as follows [Petters and Kreidenweis, 2007]: 
          (5.2) 
 
          (5.3) 
Here, dd is the critical dry activation diameter of the particle [m] (determined from CCN 
activation experiments), S is the water saturation ratio (S = 1 + 0.01Sc, where Sc is critical 
supersaturation [%]), σs/a is the surface tension of water at the surface/air interface at the median 
temperature of the CFSTGC column, Mw is the molecular weight of water, R is the universal gas 





















Köhler Theory Analysis (KTA) was also used to infer the surface tension of the mixed aerosol 
before and after oxidation  [Padró et al., 2007]. The following equations were used [Padró et al., 
2007]: 
          (5.4) 
 
 
          (5.5) 
 
Here, Mo, Mi, ρo and ρi refer to the average molecular weight and density of the organic and 
inorganic components of the aerosol, while υo and υi are effective van’t Hoff factors, εo and εi are 
volume fractions, and mo, mi are the mass fractions of the organic and inorganic components, 
respectively. The fitted CCN activity factor, ω, is determined from the log-log plots of Sc versus 
dd, fit to the equation [Asa-Awuku et al., 2010],   
          (5.6) 
κ and ω are related by 2
1
3 )27/4(  A . 
5.3  Results  
The results of our CFSTGC measurements for the SO/OA/NaCl and SO/OA/Na2SO4 systems are 
shown in Figures 5.3-5.7.  A complete list of calculated κ values (derived from eqs. (5.2) and 
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5.3.1 SO/NaCl.  
As expected, pure SO/H2O aerosols are much less CCN active than NaCl aerosols (Figure 5.3), 
with κ = 0.12 ± 0.004. As shown in Figures 5.3 and 5.4a, the CCN activity of mixed SO/NaCl 
particles generated from 0.001 M SO/0.05 M NaCl solutions (κ = 1.19 ± 0.03) is similar to that 
of pure NaCl particles (κ = 1.38 ± 0.03). The mixed particles with 0.01 M SO content show 
intermediate CCN activity (κ = 0.87 ± 0.06) compared to particles with 0.001 M SO content and 
pure SO/H2O particles. The mixed SO/NaCl aerosols exhibit similar wet activated diameter 
profiles to NaCl particles (Figure 5.4b), indicating that the presence of oleate does not retard the 
activation kinetics of the aerosol on the timescale of the CCN measurements [Engelhart et al., 
2008; Moore et al., 2008]. Furthermore, for all these systems the critical supersaturation shows a 
power law dependence of Sc ~ dd
-1.42±0.04
, suggesting that the CCN activity of these particles is 
described fairly well by Köhler theory, with no significant solubility limitations or size-
dependent surface-bulk partitioning effects. For a system that is perfectly described by Köhler 
Theory, we expect the relationship to follow Sc ~ dd
-1.5







Figure 5.3. CCN activity of 0.05 M NaCl with increasing concentrations of SO towards a 0.001 
M SO aqueous solution. 
 
CCN activity did not significantly change upon exposure to O3 for the unacidified mixed 
SO/NaCl aerosols studied.  Critical dry diameters changed by ~0.5% for the particles generated 
from 0.001 M SO/0.05 M NaCl solutions and ~1.6% for the particles generated from 0.01 M 
SO/0.05 M NaCl solutions (Figure 5.4a); this leads to a change of particle critical supersaturation 
by ~1% for the former and ~3% for the latter. The change in CCN activity due to oxidation 
effectively falls within the standard deviation of the non-oxidized data, showing relatively little 
effect of oxidation to unacidified mixed SO/NaCl particles. Calculated κ values after oxidation 
for all SO/NaCl aerosols were similar to the κ values prior to oxidation; κ = 1.14 ± 0.002 for 
0.001 M SO/0.05 M NaCl and κ = 0.83 ± 0.04 for 0.01 M SO/0.05 M NaCl. The change in CCN 
activity was not dependent on the concentration of ozone used within the range studied here (0.2 
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SO/NaCl particle wet diameters. This suggests that surface films, if present, do not retard CCN 
activation kinetics and growth. 
 
Table 5.1. Power Log Fits and κ parameters of SO/NaCl/Na2SO4/H2SO4 oxidation experiments 
 
Power Log Fit κ (avg) 
0.001 M SO, Water, (fit to NaCl SS%) -1.491 0.118 ± 0.004 
0.001 M SO, Water, (fit to Na2S04
 
SS%) -1.436 0.119 ± 0.003 
 NaCl  -1.503 1.378 ± 0.025 
NaCl, 1 ppm O3 -1.534 1.094 ± 0.045 
0.001 M SO, NaCl -1.474 1.187 ± 0.034 
0.001 M SO, NaCl, 0.2 ppm O3 -1.505 1.113 ± 0.026 
0.001 M SO, NaCl, 1 ppm O3 -1.464 1.170 ± 0.027 
0.01 M SO, NaCl -1.296 0.869 ± 0.062 
0.01 M SO, NaCl, 0.2 ppm O3 -1.368 0.753 ± 0.054 
0.01 M SO, NaCl, 1 ppm O3 -1.360 0.906 ± 0.041 
 0.001 M SO, NaCl, H2SO4 -1.538 1.138 ± 0.051 
0.001 M SO, NaCl, H2SO4, 1 ppm O3 -1.473 1.065 ± 0.054 
0.01 M SO, NaCl, H2SO4 -1.271 0.971 ± 0.079 
0.01 M SO, NaCl, H2SO4, 1 ppm O3 -1.449 0.786 ± 0.024 
 Na2SO4  -1.503 0.872 ± 0.016 
Na2SO4, 1 ppm O3 -1.348 0.909 ± 0.044 
0.001 M SO, Na2SO4  -1.475 0.708 ± 0.037 
0.001 M SO, Na2SO4, 1 ppm O3 -1.460 0.708 ± 0.024 
0.01 M SO, Na2SO4 -1.486 0.682 ± 0.025 
0.01 M SO, Na2SO4, 1 ppm O3 -1.360 0.670 ± 0.032 
 0.001 M SO, Na2SO4, H2SO4 -1.459 0.748 ± 0.011 
0.001 M SO, Na2SO4, H2SO4, 1 ppm O3 -1.468 0.709 ± 0.026 
0.01 M SO, Na2SO4, H2SO4 -1.370 0.615 ± 0.029 








Figure 5.4. CCN activity of SO/NaCl particles. Particles generated from solutions containing 
0.001 M or 0.01 M SO mixed with 0.05 M NaCl were exposed to O3 concentrations ranging 
between 0.2-1ppm in an aerosol flow tube reactor. Instrument supersaturation is shown as a 
function of (A) critical dry diameter and (B) activated wet diameter. In both plots, the red dots 
represent the salt calibration, and the red lines are guides to the eye. In panel (A) an inset focuses 























3 4 5 6 7 8 9
100
Critical Dry Diameter [nm]
0.05 M NaCl
0.001 M SO-NaCl
0.001 M SO-NaCl-1 ppm O3
0.001 M SO-NaCl-0.2 ppm O3
0.01 M SO-NaCl
0.01 M SO-NaCl-1ppm O3























0.001 M SO-NaCl-1 ppm O3
0.001 M SO-NaCl-0.2 ppm O3
0.01 M SO-NaCl
0.01 M SO-NaCl-1 ppm O3














5.3.2 SO/Na2SO4.  
Because oleate oxidation generates organic acid products, it is possible that the particle pH 
changes during oxidation, with implications for fatty acid solubility [Cistola et al., 1988]. In the 
unacidified SO/NaCl system, the formation of organic acid oxidation products may result in the 
formation, and possible subsequent volatilization, of HCl, due to its high vapor pressure. The net 
pH change is expected to differ in the SO/Na2SO4 system. The CCN activity data for the 
SO/Na2SO4 experiments are shown in Figure 5.5.  
The CCN activity of the SO/Na2SO4 particles follows trends similar to what we observed for the 
SO/NaCl particles. The CCN activity of the particles generated from 0.001 M SO/0.06 M 
Na2SO4 solutions (κ = 0.71 ± 0.04) and 0.01 M SO/0.06 M Na2SO4 solutions (κ = 0.68 ± 0.03) is 
roughly similar to that of pure Na2SO4 particles (κ = 0.87 ± 0.02). The CCN activity changes 
little upon oxidation, and the resulting hygroscopic parameters (κ = 0.71 ± 0.02 and κ = 0.67 ± 
0.03, respectively) are similar to the non-oxidized SO/Na2SO4 particles, analogous to our 
observations for the SO/NaCl system. The wet diameter profiles are again very similar both 










Figure 5.5. CCN activity of SO/Na2SO4 particles. Particles generated from solutions containing 
0.001 M or 0.01 M SO mixed with 0.06 M Na2SO4, were oxidized with 1 ppm O3 in an aerosol 
flow tube reactor. Instrument supersaturation is shown as a function of (A) critical dry diameter 
and (B) activated wet diameter. In both plots, the red dots represent the salt calibration, and the 
red lines are guides to the eye. In panel (A) an inset focuses on higher supersaturations. In panel 
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5.3.3 Acidified experiments: OA/NaCl and Na2SO4.   
As an additional test of the effect of pH on our observations of CCN activity for the SO/NaCl 
and SO/Na2SO4 systems, we performed a set of experiments in which the atomized mixed 
particles were exposed to gas-phase H2SO4 before oxidation. The goal of these experiments was 
to create a particle with a low pH typical of that of atmospheric aerosols, conditions under which 
sodium oleate and the organic acid oxidation products are in their un-ionized, lower-solubility 
forms (see Reaction (5.1)). As demonstrated in Section 5.2, nearly all of the SO will be present 
as oleic acid under these conditions.  The results of these experiments are shown in Figure 5.6 
and 5.7. 
The CCN activity of acidified 0.001 M SO/0.05 M NaCl (κ = 1.14 ± 0.05) and 0.01 M SO/0.05 
M NaCl (κ = 0.97 ± 0.08) decreased after oxidation (κ = 1.07 ± 0.05 and 0.79 ± 0.02, 
respectively), more noticeably at higher instrument supersaturations and SO concentrations 
(Figure 5.6 and inset). The wet activated diameters do not show any kinetic limitations to water 
uptake. Similarly, the acidified SO/Na2SO4 data shows similar CCN activity behavior to the 
acidified SO/NaCl particles (Figure 5.7). The hygroscopicity values for both 0.001 M and 0.01 
M SO/0.06 M Na2SO4 decrease after oxidation, and both follow the power law dependence 
expected from Köhler theory (where Sc ~ dd
-1.46±0.005
 and Sc ~ dd
-1.37±0.002












Figure 5.6. CCN activity of SO/NaCl particles exposed to H2SO4. Particles generated from 
solutions containing 0.001 M or 0.01 M SO mixed with 0.05 M NaCl were oxidized with 1 ppm 
O3 in a flow tube reactor. Instrument supersaturation is shown as a function of (A) critical dry 
diameter and (B) activated wet diameter. In both plots, the red dots represent the salt calibration, 
and the red lines are guides to the eye. In panel (A) an inset focuses on higher supersaturations. 
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Figure 5.7. CCN activity of SO/Na2SO4 particles exposed to H2SO4. Particles generated from 
solutions containing 0.001 M or 0.01 M SO mixed with 0.06 M Na2SO4, were oxidized with 1 
ppm O3 in an aerosol flow tube reactor. Instrument supersaturation is shown as a function of (A) 
critical dry diameter and (B) activated wet diameter. In both plots, the red dots represent the salt 
calibration, and the red lines are guides to the eye. In panel (A) an inset focuses on higher 
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5.3.4 Köhler Theory Analysis.  
The parameters and results of the KTA calculations can be seen in Tables 5.2 - 5.4. The initial 
in-particle concentrations of oleate and the inorganic salt were calculated following McNeill et 
al. [2007]. After oxidation, we assume the oleate is completely oxidized to form nonanal and 
azelaic, nonanoic, and 9-oxononanoic acids. The product yields reported by Vesna et al. [2009] 
were used. The density of 9-oxononanoic acid is unknown and was assumed to be 1 g cm
-3
. The 
inorganic effective van’t Hoff parameter (υi), T, the fitted CCN activity factor (ω), and ρw all 
varied with varying Sc and dd. To account for dissociation of the organics, υo = 1 and 2 were 
tested, but the results for both salts at varying ozone concentrations, regardless of the υo used, 
were the same to within 3%; the data for υo = 2 is shown.  
Table 5.2. KTA Parameters used before and after oxidation, based on in-particle concentrations 
of 0.176 or 1.76 M oleate and either 8.6 M NaCl or 10.6 M Na2SO4 . 
 

















 NaCl Na2SO4 NaCl Na2SO4 NaCl Na2SO4 NaCl Na2SO4 
εo 0.19 0.09 0.12 0.05 0.71 0.50 0.57 0.35 












υo 2 2 2 2 
 
The results suggest that the surface tension of the aerosols increases slightly after oxidation, 
which is consistent with the breakup of the oleate monolayer (we have measured the surface 
tension of bulk solutions saturated in NaCl and SO using pendant drop tensiometry to be 44.4 ± 
0.8 dyn cm
-1
). The calculated surface tension values after oxidation fall between 64 and 75 dyn 
cm
-1





2003]. Vesna et al. [2009] found that a large portion of the aerosol organic mass after oleic acid 
oxidation consisted of unidentified products (UP). Including these products in our KTA 
calculations (assuming an average molar mass of 500 g mol
-1
 and density of 1.4 g cm
-3
, [Turpin 
and Lim, 2001]), gave very similar surface tension results compared to when only the 4 main 
oxidation species are considered. Therefore, the single-phase approximation represents our 
system well. 
Table 5.3. Inferred surface tension for unacidified aerosols from eqns. (5.4-5.6), assuming in-




σ (mN/m) [0.176 M] 
 

















NaCl 68.1 70.5 71.7 57.5 64.4 68.6 
Na2SO4 73.9 74.8 - 63.7 69.9 - 
 
Table 5.4. Inferred surface tension for acidified aerosols from eqns. (5.4-5.6), assuming in-
particle concentrations of 0.176 or 1.76 M oleate in either 8.6 M NaCl or 10.6 M Na2SO4. 
 









NaCl 69.1 72.9 55.5 67.4 
Na2SO4 72.4 74.8 66.1 74.8 
 
5.4  Discussion 
The particles generated using 0.001 M SO atomizer solutions were designed such that the 
particles with the surface-area weighted average diameter would be covered with approximately 
1 monolayer of oleate/OA at 65% RH. Following McNeill et al. [2007], we estimated the organic 







          (5.7) 
where θi and Ni are the fractional surface coverage of the aerosol and the number density in the 
DMA size bin i, and Θ is the overall fractional surface coverage. Assuming three things: a) that 
all the organic partitions to the surface until saturated coverage is reached, b) that it is equally 
distributed across the aerosol population in constant proportion to either NaCl or Na2SO4, and c) 
an oleate footprint of 48 Å
2
 [Langmuir, 1917b], we find that for the particles generated using 
0.001 M SO/0.05 M NaCl or 0.001 M SO/0.06 M Na2SO4 atomizer solutions, Θ ≈ 0.83 (83% 
overall surface coverage) and Θ ≈ 1.01 (100%), respectively. This calculation also implies that 
smaller particles with larger surface area-to-volume ratios will not contain enough oleate for full 
monolayer coverage, while the larger particles will have complete monolayer coverage. There is 
indirect evidence of monolayer formation at similar conditions from N2O5 uptake experiments by 
McNeill et al. [2007]. In addition, McNeill et al. [2007] analyzed SO/NaCl particles formed 
using this technique by SEM-EDAX, which showed the existence of uniform coatings of SO on 
the particles. Using kinetic data from McNeill et al. [2007], we calculate the extent of oxidation 
in particles with lower SO content to be 76-100%, varying with O3 concentration. The 
reactodiffusive length in the OA-O3 system is ~20 nm, so for particles with higher SO content, 
the kinetic model of Smith et al. [2002], for reactions occurring in a near-surface layer of a pure 
oleic acid particle, can be applied. Using their kinetic model and parameters, we calculate ~100% 
oxidation. 
Several studies on bulk systems have shown that when an oleic acid monolayer at the air-















in surface pressure [González-Labrada et al., 2006, 2007], disappearance of the vibrational sum 
frequency generation signal [Voss et al., 2006, 2007], or neutron reflection [King et al., 2009].  
From these studies, it appears that the oxidation products leave the gas-particle interface soon 
after oxidation. Nonanoic acid, 9-oxononanoic acid, and azelaic acid are more soluble in water 
than oleic acid, and they may partition into the aqueous solution after they are formed. However, 
there is evidence that azelaic acid [Tuckermann, 2007; Tuckermann and Cammenga, 2004] and 
nonanoic acid [Caetano et al., 2007; Gilman et al., 2004; King et al., 2009] are surface-active 
and CCN active [Broekhuizen et al., 2004a]. McNeill et al. [2007] observed that nonanoic acid in 
wet NaCl aerosols, in the absence of other oleic acid oxidation products, was volatile at room 
temperature. Nonanal has been reported to enter the gas phase after it is formed [Katrib et al., 
2004; Moise and Rudich, 2002; Thornberry and Abbatt, 2004; Voss et al., 2006; Wadia et al., 
2000]. Hung and Ariya [2007] analyzed the oxidation of mixed OA/NaCl particles using ATR-
FTIR, and showed that before oxidation, while increasing RH, there was no increase in the water 
content of the particles, but after oxidation, there was an initial increase, then decrease in the 
liquid water content. They determined that the hygroscopicity of OA/NaCl particles changed 
after oxidation, but could vary and was affected by relative humidity levels. King et al. [2009] 
used neutron scattering and surface pressure measurements to study the disappearance of an oleic 
acid surface film on an aqueous subphase upon exposure to O3.  They observed that roughly half 
of the oxidation products remained at the surface, while the remainder were either released into 
the gas phase or incorporated into the bulk. Consistent with our observations that CCN activity 
was not enhanced compared to the pure salt for the particles generated using 0.001 M SO/0.05 M 
NaCl or 0.001 M SO/0.06 M Na2SO4 atomizer solutions, they calculated, using Köhler theory, 





during cloud droplet formation enough to affect the critical supersaturation point of the droplet.  
Based on the assumption that the oleic acid oxidation would be complete and would lead to a 
surface film of nonanoic acid, with azelaic acid dissolving into the bulk phase, they predicted 
that the oxidation of an oleic acid surface film on an aerosol particle would decrease the critical 
supersaturation required for droplet formation, increasing CCN activity. Surface-bulk 
partitioning was not taken into account in that calculation [Kokkola et al., 2006; Sorjamaa et al., 
2004; Sorjamaa and Laaksonen, 2006].   
Our KTA calculations show support for a small increase in particle surface tension upon 
oxidation.  Such an increase in surface tension could occur with the disappearance of a surfactant 
film at the interface. However, our observation that the mixed inorganic/organic particles 
become more organic-like in their CCN activity after oxidation is not inconsistent with the 
oxidation products remaining at the interface. The high salt content of the particles prior to 
activation and the acidic conditions would decrease the solubility of the oxidation products in 
these aerosols as compared to the bulk films studied by other groups, possibly leading to phase 
separation. If oxidation of an oleate surface layer is complete, it would result in the doubling of 
the number of organic molecules present at the interface. In the absence of external pressure, 
oleate forms expanded-state monolayers on aqueous surfaces, that is, the surface layer formed by 
the hydrophobic tail groups is not well-ordered [Rideal, 1925; Schofield and Rideal, 1926]. 
Immediately after forming, the oxidation products exist in a disordered double layer until they 
dissolve into the bulk or are released into the gas phase, or sufficient water is taken up by the 
particle to dissolve them. Transport to and self-assembly of surfactant products at the interface 
may be slow after oxidation, occurring on timescales much longer than the residence time in our 





on the ozonolysis of alkene self-assembled monolayers (SAMs) with internal double bonds 
provides support for the formation of a complex, low-hygroscopicity organic surface layer upon 
ozonolysis. They reported that ozonolysis did not increase the hygroscopicity of surface-bound 
alkenes, and it was hypothesized that the polar head groups of the oxidation products were buried 
in a mixed organic layer after oxidation rather than at the air-organic interface. They concluded 
that the three-dimensional structure of particles was critical for predicting aerosol hygroscopicity 
and CCN activity.  
For internal mixtures, κ can be described by a weighted linear sum of the components in the 
system [Petters and Kreidenweis, 2007]. κ of azelaic acid was found to be ~0.1, while κ of the 
other oxidation products is unknown. If we assume that κ for all oxidation products is 0.1 and 
use the weighted sum approach, we find that the theoretical κ values after oxidation from 0.001 
M SO/0.05 M NaCl and 0.001 M SO/0.06 M Na2SO4 are 1.23 and 0.83, respectively. Possible 
sources of error include the assumption of one κ value for the four main oxidation products. The 
small difference between these theoretical κ values and our observations (κ= 1.19 and 0.71, 
respectively) suggests that these particles can be accurately described as internally well-mixed.   
Since most of the expected oleate ozonolysis products are organic acids, a change in aerosol pH 
is possible upon oxidation in the unacidified particles. Due to the possible formation of sodium 
salts as well as organic acids, this maximum pH change assumes that only the three soluble 
organic acid oleate oxidation products are formed and dissolve in the aqueous phase. Using the 
pKa of each acid (azelaic acid (pKa=4.55), nonanoic acid (4.95), 9-oxononanoic acid (assumed 
to be 4.95)), we can estimate the concentration of [H
+
] in our system after oxidation. The 
calculation methodology is shown in §5.4.1. Assuming pH = 8 initially and using product yields 





concentration of 0.176 M McNeill et al. [2007], the particles would have [H
+
] = 1.38 mM, 
resulting in a final pH of ~3. This pH change is expected to be less in the SO/Na2SO4 system due 
to buffering by SO4
-2
, and negligible in the acidified particles. Fatty acid solubility increases with 
increasing pH (basic conditions), complementing our observation that CCN activity decreases 
upon oxidation for acidified particles but shows little change for unacidified particles. This 
highlights the importance of using atmospherically relevant pH in laboratory studies involving 
fatty acid surface-bulk partitioning in aerosols. The activated droplet diameters of the studied 
systems did not change after oxidation; this suggests that if there are any kinetic barriers to 
hygroscopic growth in these systems, they may be due to the finite dissolution timescale and not 
a water uptake barrier from the action of the organic surface layer. 
5.4.1 Calculation for natural acidification of aerosols by formation of organic acids 
The natural pH change of the aerosols that could occur through the formation of nonanoic acid, 
9-oxononanoic acid and azelaic acid was calculated in the following method: The pKa value for 
each acid was either known or assumed. The Ka for each acid could be written (shown here for 









 , and it was assumed that the concentrations of the 
dissociated ions were equivalent. Combining the Ka of all three organic acids, 
2 2 2 2 3 33
3 9 18 2 9 16 3 9 16 4[ ] [ ] [ ] [ ]a a aH O VA K C H O V A K C H O V A K C H O V A
    where each Ka 
describes a unique acid, V is volume and A is Avogadro’s number. The final pH was calculated 






We examined the effect of ozone oxidation on the CCN activity of aerosol particles containing 
mixtures of sodium oleate (SO)/oleic acid (OA) with inorganic salts (NaCl or Na2SO4). Exposure 
to O3 led to decreased CCN activity for particles at atmospherically relevant pH. Wet (activation) 
diameters of these particles were not significantly different from inorganic calibration standards, 
suggesting that the activation kinetics are not affected by organic surface films. KTA indicates a 
slight increase in particle surface tension upon oxidation, consistent with breakup of the organic 
film after oxidation. The κ values were calculated here for a reaction timescale of up to 3 
minutes, and might not accurately represent the real water uptake properties of an aged 
atmospheric particle. We find that oxidative aging of mixed inorganic-organic aerosols may 









CONCLUSIONS AND FUTURE DIRECTIONS 
 
Through the research presented in this dissertation, we answered three questions about surfactant 
behavior in atmospheric aerosols. 
 
1. Under what aerosol conditions (pH, inorganic salt concentration) will organic films form with 
isolated long chain fatty acids? 
To answer this question, in Chapter 3, we focused on two proxy long chain fatty acid molecules, 
stearic acid and oleic acid, and measured the surface tension at varying pH, varying ionic 
concentration and varying organic concentration. We found significant surface tension 
depression at all scenarios tested, showing that for fatty acids, organic films will form at all 
atmospherically important conditions, though the efficacy of these films at enhancing 
surface tension depression changes depending on the ionization state of the organic. This 
study adds to the growing body of literature showing that surface tension depression of 
surfactants is enhanced in high ionic content solutions and that surface tension data at non-
atmospherically relevant conditions cannot typically be extrapolated to those scenarios indicative 
of atmospheric aerosols (high ionic salt content, pH 0-8). 
2. In complex organic systems, can the surface tension effects be modeled a priori from 
knowledge of the individual components? What kind of aqueous phase reaction products 
exist, and how does this complex system affect absorbance properties? 
In Chapter 4, we expanded the knowledge we had from isolated systems, and focused on 
complex reactive systems. We studied the surface tension, the reaction products, and the 





ammonium sulfate. Using Aerosol-CIMS, we determined that a majority of reaction products 
formed were self-reaction products of either glyoxal or methylglyoxal; however, a 
significant amount of the product mass detected was attributable to cross-reaction 
products. The formation kinetics of light absorbing reaction products could be described 
by linearly combining the effects of glyoxal and methylglyoxal without taking into account 
the cross-reaction products. The surface tension from mixed solutions of glyoxal and 
methylglyoxal was also able to be modeled as a linear combination of the isolated species. 
This study shows that the bulk properties of complex mixtures can be described as a combination 
of the properties of the isolated species. 
3. If an organic film is oxidized, how does the CCN activity differ between before and after 
oxidation? 
In Chapter 5, we focused on a mixed component system: oleic acid, a long chain fatty acid with a 
well-studied oxidative mechanism, and sodium salts to determine how the CCN activity changes 
after oxidation. Performing ozone oxidation in a flow tube reactor coupled with a CFSTGC, we 
found that at natural pH, the CCN activity was not affected by oxidation. However, at 
acidified pH, the CCN activity was depressed by oxidation, most noticeably at higher 
organic concentrations and higher supersaturations. This behavior is consistent with the 
disappearance of the organic film after oxidation, which is supported by Köhler Theory 
Analysis. The activation diameters were not affected by oxidation, so there was no limitation to 
water uptake. This result shows that while the CCN activity of pure organic systems after 
oxidation typically increases, this same trend does not describe mixed component systems—






From the results of this thesis, it is evident that further work is necessary on complex surfactant 
systems. These systems are the most atmospherically relevant that can be used to understand the 
role of surfactants in aerosols in the atmosphere; this work can then be used to further elucidate 
aerosol behavior in climate models and atmospheric chemistry models. More studies should be 
performed on surfactants at atmospherically relevant conditions to characterize the type of 
behavior indicative of different types of surface-active compounds (i.e. saccharides, polyols, 
carboxylic acids, small carbonyls, long chain fatty acids) at different pH, and at near-saturated 
ionic concentrations. Most of this work should be performed on atmospherically relevant 
complex systems (i.e. multi-organic systems); few studies have focused on systems with two or 
more organics (this does not include ambient studies because they have a complex mixture of 
organics that cannot be fully identified) [Booth et al., 2009; Schwier et al., 2010; Topping et al., 
2007], and fewer have studied systems with different types of organics. Future research 
directions should focus on how different varieties of molecules behave together in complex 
systems (e.g. levoglucosan, HULIS, oleic acid, adipic acid and formaldehyde in one reaction 
mixture), and whether the surface tension properties can still be assumed by a priori properties 
of the isolated species.   
Oxidative studies should also be performed to determine whether the hygroscopicity changes 
found in this work are typical of mixed-component systems. This will help atmospheric scientists 
better understand the lifetime and properties of aged organic aerosols in the atmosphere, as well 
as the importance of additional sinks for atmospheric oxidants. Additionally, oxidative studies 
using different oxidants, such as O3 and OH in parallel, can be performed to determine 
competing reactions and determine how the hygroscopicity is affected at atmospherically 





All of these future studies will help elucidate surfactant behavior on atmospheric aerosols, and 
will allow scientists to better predict the kinds of effects aerosols can have on climate as well as 





























Abbatt, J. P. D., K. Broekhuizen and P. P. Kumar (2005), Cloud condensation nucleus activity of 
internally mixed ammonium sulfate/organic acid aerosol particles, Atmospheric 
Environment, 39, 4767-4778, doi:10.1016/j.atmosenv.2005.04.029. 
Adam, N. K. (1921), The properties and molecular structure of thin films of palmitic acid on 
water. Part I, Proceedings of the Royal Society A: Mathematical, physical, and 
engineering, 99(699), 336, doi:10.1098/rspa.1021.0047. 
Adam, N. K. and J. G. F. Miller (1933), The structure of surface films. Part XVIII. The effect of 
alkalinity in the underlying solution on films of fatty acids, Proceedings of the Royal 
Society A: Mathematical, physical, and engineering, 142(847), 401, 
doi:10.1098/rpsa.1933.0177. 
Adamson, A. W. and A. P. Gast (1997), Physical chemistry of surfaces, Wiley, New York. 
Albrecht, B. A. (1989), Aerosols, Cloud Microphysics, and Fractional Cloudiness, Science, 
245(4923), 1227-1230, doi:10.1126/science.245.4923.1227. 
Altieri, K. E., S. P. Seitzinger, A. G. Carlton, B. J. Turpin, G. C. Klein and A. G. Marshall 
(2008), Oligomers formed through in-cloud methylglyoxal reactions: Chemical 
composition, properties, and mechanisms investigated by ultra-high resolution FT-ICR 
mass spectrometry, Atmospheric Environment, 42, 1476-1490, 
doi:10.1016/j.atmosenv.2007.11.015. 
Altieri, K. E., A. G. Carlton, H. J. Lim, B. J. Turpin and S. P. Seitzinger (2006), Evidence for 
Oligomer Formation in Clouds: Reactions of Isoprene Oxidation Products, Environ. Sci. 
Technol., 40(16), 4956-4960, doi:10.1021/es052170n. 
Anastasiadis, S. H., J. K. Chen, J. T. Koberstein, A. F. Siegel, J. E. Sohn and J. A. Emerson 
(1987), The Determination of Interfacial-Tension by Video Image-Processing of Pendant 
Fluid Drops, Journal of Colloid and Interface Science, 119(1), 55-66, doi:10.1016/0021-
9797(87)90244-X. 
Anderson, M. A., A. Y. C. Hung, D. Mills and M. S. Scott (1995), Factors affecting the surface 
tension of soil solutions and solutions of humic acids, Soil Science, 160(2), 111-116, 
doi:10.1097/00010694-199516020-00004. 
Andreas, J. M., E. A. Hauser and W. B. Tucker (1938), Boundary Tension by Pendant Drops, 
Journal of Physical Chemistry, 42(8), 1001-1019, doi:10.1021/j100903a002. 
Andrews, E. and S. M. Larson (1993), Effect of Surfactant Layers on the Size Changes of 






Anttila, T., A. Kiendler-Scharr, R. Tillman and T. F. Mentel (2006), On the Reactive Uptake of 
Gaseous Compounds by Organic-Coated Aqueous Aerosols: Theoretical Analysis and 
Application to the Heterogeneous Hydrolysis of N2O5, Journal of Physical Chemistry-A, 
110(35), 10435-10443, doi:10.1021/jp062403c. 
Archer, R. J. and V. K. La Mer (1955), The rate of evaporation of water through fatty acid 
monolayers, Journal of Physical Chemistry, 59, 200-208, doi:10.1021/j150525a002. 
Asa-Awuku, A., G. J. Engelhart, B. H. Lee, S. N. Pandis and A. Nenes (2009), Relating CCN 
activity, volatility, and droplet growth kinetics of beta-caryophyllene secondary organic 
aerosol, Atmospheric Chemistry and Physics, 9(3), 795-812, doi:10.5194/acp-9-795-
2009. 
Asa-Awuku, A. and A. Nenes (2007), Effect of solute dissolution kinetics on cloud droplet 
formation: Extended Köhler theory, Journal of Geophysical Research-Atmospheres, 
112(D22), doi:10.1029/2005JD006934. 
Asa-Awuku, A., A. Nenes, S. Gao, R. C. Flagan and J. H. Seinfeld (2010), Water-soluble SOA 
from Alkene ozonolysis: composition and droplet activation kinetics inferences from 
analysis of CCN activity, Atmospheric Chemistry and Physics, 10(4), 1585-1597, 
doi:10.5194/acp-10-1585-2010. 
Asa-Awuku, A., A. P. Sullivan, C. J. Hennigan, R. J. Weber and A. Nenes (2008), Investigation 
of molar volume and surfactant characteristics of water-soluble organic compounds in 
biomass burning aerosol, Atmospheric Chemistry and Physics, 8(4), 799-812, 
doi:10.5194/acp-8-799-2008. 
Asad, A., B. T. Mmereki and D. J. Donaldson (2004), Enhanced uptake of water by oxidatively 
processed oleic acid, Atmospheric Chemistry and Physics, 4, 2083-2089, 
doi:10.5194/acp-4-2083-2004. 
Aumann, E., L. M. Hildemann and A. Tabazadeh (2010), Measuring and modeling the 
composition and temperature-dependence of surface tension for organic solutions, 
Atmospheric Environment, 44, 329-337, doi:10.1016/j.atmosenv.2009.10.033. 
Aumann, E. and A. Tabazadeh (2008), Rate of organic film formation and oxidation on aqueous 
drops, Journal of Geophysical Research, 113, D23205, doi:10.1029/2007JD009738. 
Badger, C. L., P. T. Griffiths, I. George, J. P. D. Abbatt and R. A. Cox (2006), Reactive uptake 
of N2O5 by aerosol particles containing mixtures of humic acid and ammonium sulfate, 
Journal of Physical Chemistry A, 110(21), 6986-6994, doi:10.1021/jp0562678. 
Barger, W. R. and W. D. Garrett (1970), Surface Active Organic Material in the Marine 
Atmosphere, Journal of Geophysical Research-Oceans, 75(24), 4561-4566, 
doi:10.1029/JC075i024p04561. 
Barsanti, K. C. and J. F. Pankow (2005), Thermodynamics of the formation of atmospheric 





diketones, Atmospheric Environment, 39, 6597-6607, 
doi:10.1016/j.atmosenv.2005.07.056. 
Bezdek, H. F. and A. F. Carlucci (1974), Concentration and Removal of Liquid Microlayers 
from a Seawater Surface by Bursting Bubbles, Limnology and Oceanography, 19(1), 
126-132. 
Bilde, M. and B. Svenningsson (2004), CCN activation of slightly soluble organics: the 
importance of small amounts of inorganic salt and particle phase, Tellus B, 56(2), 128-
134, doi:10.1111/j.1600-0889.2004.00090.x. 
Blake, R. S., P. S. Monks and A. M. Ellis (2009), Proton-Transfer Reaction Mass Spectrometry, 
Chem. Rev., 109 (3), 861-896, doi:10.1021/cr800364q. 
Blanchard, D. C. (1963), The electrification of the atmosphere by particles from bubbles in the 
sea, Progress in Oceanography, 1, 73-202, doi:10.1016/0079-6611(63)90004-1. 
Blanchard, D. C. (1964), Sea-to-Air Transport of Surface Active Material, Science, 146(3642), 
396-397, doi:10.1126/science.146.3642.396. 
Bond, T. C. and R. W. Bergstrom (2006), Light Absorption by Carbonaceous Particles: An 
Investigative Review, Aerosol Science and Technology, 40, 27-67, 
doi:10.1080/02786820500421521. 
Booth, A. M., D. O. Topping, G. McFiggans and C. J. Percival (2009), Surface tension of mixed 
inorganic and dicarboxylic acid aqueous solutions at 298.15 K and their importance for 
cloud activation predictions, Phys. Chem. Chem. Phys., 11(36), 8021-8028, 
doi:10.1039/B906849J. 
Broekhuizen, K., P. P. Kumar and J. P. D. Abbatt (2004a), Partially soluble organics as cloud 
condensation nuclei: Role of trace soluble and surface active species, Geophysical 
Research Letters, 31, L01107, doi:10.1029/2003GL018203. 
Broekhuizen, K. E., T. Thornberry, P. P. Kumar and J. P. D. Abbatt (2004b), Formation of cloud 
condensation nuclei by oxidative processing: Unsaturated fatty acids, Journal of 
Geophysical Research-Atmospheres, 109(D24206), doi:10.1029/2004JD005298. 
Buseck, P. R. and M. Pósfai (1999), Airborne minerals and related aerosol particles: Effects on 
climate and the environment, Proceedings of the National Academy of Sciences of the 
United States of America, 96(7), 3372-3379, doi:10.1073/pnas.96.7.3372. 
Caetano, W., P. S. Haddad, R. Itri, D. Severino, V. C. Vieira, M. S. Baptista, A. P. Schröder and 
C. M. Marques (2007), Photo-Induced Destruction of Giant Vesicles in Methylene Blue 
Solutions, Langmuir, 23, 1307-1314, doi:10.1021/la061510v. 
Canny, J. (1986), A Computational Approach to Edge Detection, IEEE Transactions on Pattern 





Capel, P. D., R. Gunde, F. Zuercher and W. Giger (1990), Carbon speciation and surface tension 
of fog, Environ. Sci. Technol., 24(5), 722-727, doi: 10.1021/es00075a017. 
Carlton, A. G., B. J. Turpin, K. E. Altieri, S. Seitzinger, A. Reff, H. J. Lim and B. Ervens (2007), 
Atmospheric oxalic acid and SOA production from glyoxal: Results of aqueous 
photooxidation experiments, Atmospheric Environment, 41(35), 7588-7602, 
doi:10.1016/j.atmosenv.2007.05.035. 
Carlton, A. G., B. J. Turpin, K. E. Altieri, S. P. Seitzinger, R. Mathur, S. J. Roselle and R. J. 
Weber (2008), CMAQ Model Performance Enhanced When In-Cloud Secondary Organic 
Aerosol is Included: Comparisons of Organic Carbon Predictions with Measurements, 
Environ. Sci. Technol., 42(23), 8798-8802, doi:10.1021/es801192n. 
Cavalli, F., M. C. Facchini, S. Decesari, M. Mircea, L. Emblico, S. Fuzzi, D. Ceburnis, Y. J. 
Yoon, C. D. O'Dowd, J. P. Putaud and A. Dell'Acqua (2004), Advances in 
characterization of size-resolved organic matter in marine aerosol over the North 
Atlantic, Journal of Geophysical Research-Atmospheres, 109(D24215), 
doi:10.1029/2004JD005137. 
Chakraborty, P. and M. R. Zachariah (2007), "Effective" Negative Surface Tension: A Property 
of Coated Nanoaerosols Relevant to the Atmosphere, Journal of Physical Chemistry A, 
111, 5459-5464, doi:10.1021/jp070226p. 
Chakraborty, P. and M. R. Zachariah (2008), Sticking Coefficient and Processing of Water 
Vapor on Organic-Coated Nanoaerosols, J. Phys. Chem. A, 112(5), 966-972, doi: 
10.1021/jp076442f. 
Chakraborty, P. and M. R. Zachariah (2011), On the structure of organic-coated water droplets: 
From "net water attractors" to "oily" drops, Journal of Geophysical Research, 116(D21), 
D21205, doi:10.1029/2011JD015961. 
Chan, M. N., A. K. Y. Lee and C. K. Chan (2006), Responses of ammonium sulfate particles 
coated with glutaric acid to cyclic changes in relative humidity: Hygroscopicity and 
Raman characterization, Environ. Sci. Technol., 40(22), 6983-6989, 
doi:10.1021/es060928c. 
Chebbi, A. and P. Carlier (1996), Carboxylic acids in the troposphere, occurrence, sources, and 
sinks: A review, Atmospheric Environment, 30(24), 4233-4249, doi:10.1016/1352-
2310(96)00102-1. 
Chen, Y. and M. Schnitzer (1978), The surface tension of aqueous solutions of soil humic 
substances, Soil Science, 125(1), 7-15. 
Cheng, Y. and S. M. Li (2005), Nonderivatization analytical method of fatty acids and cis-
pinonic acid and its application in ambient PM2.5 aerosols in the greater Vancouver area 





Cheng, Y., S. M. Li, A. Leithead, P. C. Brickell and W. R. Leaitch (2004), Characterizations of 
cis-pinonic acid and n-fatty acids on fine aerosols in the Lower Fraser Valley during 
Pacific 2001 Air Quality Study, Atmospheric Environment, 38(34), 5789-5800, doi: 
10.1016/j.atmosenv.2004.01.051. 
Chuang, P. Y., R. J. Charlson and J. H. Seinfeld (1997), Kinetic limitations on droplet formation 
in clouds, Nature, 390, 594-596, doi:10.1038/37576. 
Chumpitaz, L., L. Coutinho and A. Meirelles (1999), Surface tension of fatty acids and 
triglycerides, Journal of the American Oil Chemists' Society, 76(3), 379-382, 
doi:10.1007/s11746-999-0245-6. 
Cistola, D. P., J. A. Hamilton, D. Jackson and D. M. Small (1988), Ionization and Phase-
Behavior of Fatty-Acids in Water - Application of the Gibbs Phase Rule, Biochemistry, 
27(6), 1881-1888, doi:10.1021/bi00406a013. 
Corrigan, A. L., S. W. Hanley and D. O. De Haan (2008), Uptake of glyoxal by organic and 
inorganic aerosol, Environ. Sci. Technol., 42(12), 4428-4433, doi:10.1021/es7032394. 
Corrigan, C. E. and T. Novakov (1999), Cloud condensation nucleus activity of organic 
compounds: a laboratory study, Atmospheric Environment, 33, 2661-2668, 
doi:10.1016/S1352-2310(98)00310-0. 
Cosman, L. M. and A. K. Bertram (2008), Reactive Uptake of N2O5 on Aqueous H2SO4 
Solutions Coated with 1-Component and 2-Component Monolayers, J. Phys. Chem. A, 
112(20), 4625-4635, doi: 10.1021/jp8005469. 
Cosman, L. M., D. A. Knopf and A. K. Bertram (2008), N2O5 reactive uptake on aqueous 
sulfuric acid solutions coated with branched and straight-chain insoluble organic 
surfactants, Journal of Physical Chemistry A, 112(11), 2386-2396, 
doi:10.1021/jp710685r. 
Cratin, P. D. (1993), Mathematical Modeling of Some pH-Dependent Surface and Interfacial 
Properties of Stearic Acid, Journal of Dispersion Science and Technology, 14(5), 559-
602, doi: 10.1080/01932699308943427. 
Cruz, C. N. and S. N. Pandis (1997), A study of the ability of pure secondary organic aerosol to 
act as cloud condensation nuclei, Atmospheric Environment, 31(15), 2205-2214, 
doi:10.1016/S1352-2310(97)00054-X. 
Cruz, C. N. and S. N. Pandis (1998), The effect of organic coatings on the cloud condensation 
nuclei activation of inorganic atmospheric aerosol, Journal of Geophysical Research-
Atmospheres, 103(D11), 13111-13123, doi:10.1029/98JD00979. 
Cruz, C. N. and S. N. Pandis (2000), Deliquescence and hygroscopic growth of mixed inorganic-






Cziczo, D. J., P. J. DeMott, S. D. Brooks, A. J. Prenni, D. S. Thomson, D. Baumgardner, J. C. 
Wilson, S. M. Kreidenweis and D. M. Murphy (2004), Observations of organic species 
and atmospheric ice formation, Geophysical Research Letters, 31(12), L12116, 
doi:10.1029/2004GL019822. 
Dash, U. N. and B. K. Mohanty (1997), Thermodynamic functions of solutions of homologous 
dicarboxylic acids in water + acetone mixtures from surface tension measurements, Fluid 
Phase Equilibria, 134(1-2), 267-276, doi: 10.1016/S0378-3812(97)00046-0. 
de Gouw, J. A. and E. R. Lovejoy (1998), Reactive uptake of ozone by liquid organic 
compounds, Geophysical Research Letters, 25(6), 931-934, doi:10.1029/98GL00515. 
De Haan, D. O., A. L. Corrigan, M. A. Tolbert, J. L. Jimenez, S. E. Wood and J. J. Turley 
(2009), Secondary Organic Aerosol Formation by Self-Reactions of Methylglyoxal and 
Glyoxal in Evaporating Droplets, Environ. Sci. Technol., 43(21), 8184-8190, 
doi:10.1021/es902152t. 
Decesari, S., M. C. Facchini, M. Mircea, F. Cavalli and S. Fuzzi (2003), Solubility properties of 
surfactants in atmospheric aerosol and cloud/fog water samples, Journal of Geophysical 
Research-Atmospheres, 108(D21), 4685, doi:10.1029/2003JD003566. 
DeMott, P. J., D. J. Cziczo, A. J. Prenni, D. M. Murphy, S. M. Kreidenweis, D. S. Thomson, R. 
Borys and D. C. Rogers (2003), Measurements of the concentration and composition of 
nuclei for cirrus formation, Proceedings of the National Academy of Sciences of the 
United States of America, 100(25), 14655-14660, doi:10.1073/pnas.2532677100. 
Demou, E., H. Visram, D. J. Donaldson and P. A. Makar (2003), Uptake of water by organic 
films: the dependence on the film oxidation state, Atmospheric Environment, 37, 3529-
3537, doi:10.1016/S1352-2310(03)00430-8. 
Dinar, E., A. A. Riziq, C. Spindler, C. Erlick, G. Kiss and Y. Rudich (2008), The complex 
refractive index of atmospheric and model humic-like substances (HULIS) retrieved by a 
cavity ring down aerosol spectrometer (CRD-AS), Faraday Discussions, 137, 279-295, 
doi:10.1039/b703111d. 
Dinar, E., I. Taraniuk, E. R. Graber, T. Anttila, T. F. Mentel and Y. Rudich (2007), Hygroscopic 
growth of atmospheric and model humic-like substances, Journal of Geophysical 
Research, 112(D5), D05211, doi:10.1029/2006JD007442. 
Dinar, E., I. Taraniuk, E. R. Graber, S. Katsman, T. Moise, T. Anttila, T. F. Mentel and Y. 
Rudich (2006), Cloud condensation nuclei properties of model and atmospheric HULIS, 
Atmospheric Chemistry & Physics, 6, 2465-2482, doi:10.5194/acp-6-2465-2006. 
Donaldson, D. J. and V. Vaida (2006), The influence of organic films at the air-aqueous 






Donaldson, D. J. and K. T. Valsaraj (2010), Adsorption and Reaction of Trace Gas-Phase 
Organic Compounds on Atmospheric Water Film Surfaces: A Critical Review, Environ. 
Sci. Technol., 44(3), 865-873, doi:10.1021/es902720s. 
Ebeltoft, H., J. Sjöblom, J. O. Saeten and G. Olofsson (1994), Fatty Acid/Base Interactions in 
Model Systems. A Langmuir Film, Surface Tension, and Calorimetric Study, Langmuir, 
10(7), 2262-2266, doi: 10.1021/la00019a039. 
Ekström, S., B. Nozière and H.-C. Hansson (2009), The Cloud Condensation Nuclei (CCN) 
properties of 2-methyltetrols and C3-C6 polyols from osmolality and surface tension 
measurements, Atmospheric Chemistry and Physics, 9(3), 973-980, doi:10.5194/acp-9-
973-2009. 
Ellison, G. B., A. F. Tuck and V. Vaida (1999), Atmospheric processing of organic aerosols, 
Journal of Geophysical Research-Atmospheres, 104(D9), 11633-11641, 
doi:10.1029/1999JD900073. 
Engelhart, G. J., A. Asa-Awuku, A. Nenes and S. N. Pandis (2008), CCN activity and droplet 
growth kinetics of fresh and aged monoterpene secondary organic aerosol, Atmospheric 
Chemistry and Physics, 8(14), 3937-3949, doi:10.5194/acp-8-3937-2008. 
Ervens, B., A. G. Carlton, B. J. Turpin, K. E. Altieri, S. M. Kreidenweis and G. Feingold (2008), 
Secondary organic aerosol yields from cloud-processing of isoprene oxidation products, 
Geophysical Research Letters, 35(L02816), doi:10.1029/2007GL031828. 
Ervens, B., G. Feingold, G. J. Frost and S. M. Kreidenweis (2004), A modeling study of aqueous 
production of dicarboxylic acids: 1. Chemical pathways and speciated organic mass 
production, Journal of Geophysical Research-Atmospheres, 109, D15205, 
doi:10.1029/2003JD004387. 
Ervens, B., G. Feingold and S. M. Kreidenweis (2005), Influence of water-soluble organic 
carbon on cloud drop number concentration, Journal of Geophysical Research-
Atmospheres, 110, D18211, doi:10.1029/2004JD005634. 
Ervens, B. and R. Volkamer (2010), Glyoxal processing by aerosol multiphase chemistry: 
Towards a kinetic modeling framework of secondary organic aerosol formation in 
aqueous particles, Atmospheric Chemistry & Physics, 10, 8219-8244, doi:10.5194/acp-
10-8219-2010. 
Escoreia, E. N., S. J. Sjostedt and J. P. D. Abbatt (2010), Kinetics of N2O5 Hydrolysis on 
Secondary Organic Aerosol and Mixed Ammonium Bisulfate-Secondary Organic 
Aerosol Particles, Journal of Physical Chemistry A, 114(50), 13113-13121, 
doi:10.1021/jp107721v. 
Facchini, M. C., S. Decesari, M. Mircea, S. Fuzzi and G. Loglio (2000), Surface tension of 
atmospheric wet aerosol and cloud/fog droplets in relation to their organic carbon content 






Facchini, M. C., M. Mircea, S. Fuzzi and R. J. Charlson (1999), Cloud albedo enhancement by 
surface-active organic solutes in growing droplets, Nature, 401(6750), 257-259, 
doi:10.1038/45758. 
Fang, J., K. Kawamura, Y. Ishimura and K. Matsumoto (2002), Carbon Isotopic Composition of 
Fatty Acids in the Marine Aerosols from the Western North Pacific: Implication for the 
Source and Atmospheric Transport, Environ. Sci. Technol., 36(12), 2598-2604, doi: 
10.1021/es015863m. 
Feingold, G. and P. Y. Chuang (2002), Analysis of the influence of film-forming compounds on 
droplet growth: Implications for cloud microphysical processes and climate, J. Atmos. 
Sci., 59(12), 2006-2018, doi:10.1175/1520-0469(2002)059<2006:AOTIOF>2.0.CO;2. 
Florence, R. T. and W. D. Harkins (1938), Molecular Interaction in Mixed Monolayers II. 
Unstable Mixtures with Unsaturated Acids, Journal of Chemical Physics, 6, 856-860, 
doi:10.1063/1.1750181. 
Flores Luque, V., C. Gómez Herrera and A. Plaza Delgado (1977), Physicochemical studies 
concerning miscellas of vegetable oils 3. Surface tensions for lauric and oleic acids 
solutions in hexane and cyclohexane - values of combined function (surface tension - 
kinematic viscosity), Grasas y aceitas, 28(5), 337-344. 
Folkers, M., T. F. Mentel and A. Wahner (2003), Influence of an organic coating on the 
reactivity of aqueous aerosols probed by the heterogeneous hydrolysis of N2O5, 
Geophysical Research Letters, 30(12), 1644-1647, doi:10.1029/2003GL017168. 
Fu, Q., S. E. Friberg, Z. Zhang and P. A. Aikens (2000), Polymeric surfactants based on oleic 
acid IV. Lamellar Liquid Crystal Polymerization of Sodium Oleate/Oleic Acid/Aliphatic 
Diene/Water System, Journal of Dispersion Science and Technology, 21(7), 1007-1021, 
doi: 10.1080/01932690008913327. 
Fu, T., D. J. Jacob and C. L. Heald (2009), Aqueous-phase reactive uptake of dicarbonyls as a 
source of organic aerosol over eastern North America, Atmospheric Environment, 43, 
1814-1822, doi:10.1016/j.atmosenv.2008.12.029. 
Gagosian, R. B., O. C. Zafiriou, E. T. Peltzer and J. B. Alford (1982), Lipids in Aerosols From 
the Tropical North Pacific: Temporal Variability, J. Geophys. Res., 87(C13), 11133-
11144, doi:10.1029/JC087iC13p11133. 
Galloway, M. M., P. S. Chhabra, A. W. H. Chan, J. D. Surratt, R. C. Flagan, J. H. Seinfeld and F. 
N. Keutsch (2009), Glyoxal uptake on ammonium sulphate seed aerosol: reaction 
products and reversibility of uptake under dark and irradiated conditions, Atmospheric 
Chemistry & Physics, 9, 3331-3345, doi:10.5194/acp-9-3331-2009. 
Garland, R. M., M. E. Wise, M. R. Beaver, H. L. Dewitt, A. C. Aiken, J. L. Jimenez and M. A. 
Tolbert (2005), Impact of palmitic acid coating on the water uptake and loss of 






Garrett, W. D. (1967), The organic chemical composition of the ocean surface, Deep Sea 
Research and Oceanographic Abstracts, 14(2), 221-227, doi: 10.1016/0011-
7471(67)90007-1. 
Gelencsér, A., A. Hoffer, G. Kiss, E. Tombacz, R. Kurdi and L. Bencze (2003), In-situ formation 
of light-absorbing organic matter in cloud water, Journal of Atmospheric Chemistry, 
45(1), 25-33, doi:10.1023/A:1024060428172. 
Gelencsér, A., A. Hoffer, Z. Krivacsy, G. Kiss, A. Molnar and E. Meszaros (2002), On the 
possible origin of humic matter in fine continental aerosol, Journal of Geophysical 
Research-Atmospheres, 107(D12), doi:10.1029/2001JD001299. 
Gerber, H. E., W. A. Hoppel and T. A. Wojciechowski (1977), Experimental Verification of the 
Theoretical Relationship Between Size and Critical Supersaturation of Salt Nuclei, J. 
Atmos. Sci., 34, 1836-1841, doi:10.1175/1520-
0469(1977)034<1836:EVOTTR>2.0.CO;2. 
Gershey, R. M. (1983), Characterization of Seawater Organic-Matter Carried by Bubble-
Generated Aerosols, Limnology and Oceanography, 28(2), 309-319. 
Gill, P. S., T. E. Graedel and C. J. Weschler (1983), Organic Films on Atmospheric Aerosol-
Particles, Fog Droplets, Cloud Droplets, Raindrops, and Snowflakes, Reviews of 
Geophysics, 21(4), 903-920, doi:10.1029/RG021i004p00903. 
Gilman, J. B., T. L. Eliason, A. Fast and V. Vaida (2004), Selectivity and stability of organic 
films at the air-aqueous interface, Journal of Colloid and Interface Science, 280(1), 234-
243, doi:10.1016/j.jcis.2004.07.019. 
Gilman, J. B. and V. Vaida (2006), Permeability of acetic acid through organic films at the air-
aqueous interface, Journal of Physical Chemistry A, 110(24), 7581-7587, 
doi:10.1021/jp061220n. 
Glass, S. V., S. C. Park and G. M. Nathanson (2006), Evaporation of water and uptake of HCl 
and HBr through hexanol films at the surface of supercooled sulfuric acid, Journal of 
Physical Chemistry A, 110(24), 7593-7601, doi:10.1021/jp057260t. 
González-Labrada, E., R. Schmidt and C. E. Dewolf (2006), Real-time monitoring of the 
ozonolysis of unsaturated organic monolayers, Chem. Communications, 2471-2473, 
doi:10.1039/b603501a. 
González-Labrada, E., R. Schmidt and C. E. Dewolf (2007), Kinetic analysis of the ozone 
processing of an unsaturated organic monolayer as a model of an aerosol surface, Phys. 
Chem. Chem. Phys., 9, 5814-5821, doi:10.1039/b707890k. 
Graham, B., P. Guyon, P. E. Taylor, P. Artaxo, W. Maenhaut, M. M. Glovsky, R. C. Flagan and 
M. O. Andreae (2003), Organic compounds present in the natural Amazonian aerosol: 
Characterization by gas chromatography-mass spectrometry, Journal of Geophysical 





Grondal, B. J. and D. A. Rogers (1944), Melting Points of Binary Fatty Acid Mixtures C6 to C12 
and Their Application in the Determination of Purity, Oil & Soap, 303-305, 
doi:10.1007/BF02547323. 
Grosjean, D., K. Van Cauwenberghe, J. P. Schmid, P. E. Kelley and J. N. Pitts (1978), 
Identification of C3-C10 Aliphatic Dicarboxylic-Acids in Airborne Particulate Matter, 
Environ. Sci. Technol., 12(3), 313-317, doi:10.1021/es60139a005. 
Grosjean, D., E. L. Williams II and E. Grosjean (1993), Atmospheric Chemistry of Isoprene and 
of its Carbonyl Products, Environ. Sci. Technol., 27(5), 830-840, 
doi:10.1021/es00042a004. 
Gross, E. K. U. and W. Kohn (1990), Time-dependent density-functional theory, Adv. Quantum 
Chem., 21, 255-291. 
Hallquist, M., J. C. Wenger, U. Baltensperger, Y. Rudich, D. Simpson, M. Claeys, J. Dommen, 
N. M. Donahue, C. George, A. H. Goldstein, J. F. Hamilton, H. Herrmann, T. Hoffmann, 
Y. Iinuma, M. Jang, M. Jenkin, J. L. Jimenez, A. Kiendler-Scharr, W. Maenhaut, G. 
McFiggans, Th. F. Mentel, A. Monod, A. S. H. Prévôt, J. H. Seinfeld, J. D. Surratt, R. 
Szmigielski and J. Wildt (2009), The formation, properties and impact of secondary 
organic aerosol: current and emerging issues, Atmospheric Chemistry & Physics, 9, 5155-
5236, doi:10.5194/acp-9-5155-2009. 
Hastings, W. P., C. A. Koehler, E. L. Bailey and D. O. De Haan (2005), Secondary organic 
aerosol formation by glyoxal hydration and oligomer formation: Humidity effects and 
equilibrium shifts during analysis, Environ. Sci. Technol., 39(22), 8728-8735, 
doi:10.1021/es050446l. 
Haynes, W. M. (2011), CRC handbook of chemistry and physics, 91st Edition, (Internet Version 
2011), CRC Press/Taylor and Francis, Boca Raton, FL. 
He, L. Y., M. Hu, X. F. Huang, B. D. Yu, Y. H. Zhang and D. Q. Liu (2004), Measurement of 
emissions of fine particulate organic matter from Chinese cooking, Atmospheric 
Environment, 38(38), 6557-6564, doi: 10.1016/j.atmosenv.2004.08.034. 
Hearn, J. D., A. J. Lovett and G. D. Smith (2005), Ozonolysis of oleic acid particles: evidence 
for a surface reaction and secondary reactions involving Criegee intermediates, Phys. 
Chem. Chem. Phys., 7(3), 501-511, doi:10.1039/B414472D. 
Hearn, J. D., L. H. Renbaum, X. Wang and G. D. Smith (2007), Kinetics and Products from a 
reaction of Cl radicals with dioctyl sebacate (DOS) particles in O2: a model for radical-
initiated oxidation of organic aerosols, Phys. Chem. Chem. Phys., 9, 4803-4813, 
doi:10.1039/B707523E. 
Hearn, J. D. and G. D. Smith (2004a), A chemical ionization mass spectrometry method for the 






Hearn, J. D. and G. D. Smith (2004b), Kinetics and product studies for ozonolysis reactions of 
organic particles using aerosol CIMS, Journal of Physical Chemistry A, 108(45), 10019-
10029, doi:10.1021/jp0404145. 
Hearn, J. D. and G. D. Smith (2005), Measuring rates of reaction in supercooled organic particles 
with implications for atmospheric aerosol, Phys. Chem. Chem. Phys., 7, 2549-2551, 
doi:10.1039/B506424D. 
Hearn, J. D. and G. D. Smith (2006a), A mixed-phase relative rates technique for measuring 
aerosol reaction kinetics, Geophysical Research Letters, 33(17), L17805, 
doi:10.1029/2006GL026963. 
Hearn, J. D. and G. D. Smith (2006b), Reactions and mass spectra of complex particles using 
Aerosol CIMS, International Journal of Mass Spectrometry, 258(1-3), 95-103, 
doi:10.1016/j.ijms.2006.05.017. 
Hearn, J. D. and G. D. Smith (2007), Ozonolysis of Mixed Oleic Acid/n-Docosane Particles: The 
Roles of Phase, Morphology, and Metastable States, Journal of Physical Chemistry A, 
111(43), 11059-11065, doi:10.1021/jp0755701. 
Hede, T., X. Li, C. Leck, Y. Tu and H. Ågren (2011), Model HULIS compounds in nanoaerosol 
clusters - investigations of surface tension and aggregate formation using molecular 
dynamics simulations, Atmospheric Chemistry and Physics, 11, 6549-6557, 
doi:10.5194/acp-11-6549-2011. 
Hegg, D. A., S. Gao, W. Hoppel, G. Frick, P. Caffrey, W. R. Leaitch, N. Shantz, J. Ambrusko 
and T. Albrechcinski (2001), Laboratory studies of the efficiency of selected organic 
aerosols as CCN, Atmospheric Research, 58(3), 155-166, doi:10.1016/S0169-
8095(01)00099-0. 
Hemming, B. L. and J. H. Seinfeld (2001), On the Hygroscopic Behavior of Atmospheric 
Organic Aerosols, Industrial Engineering Chemical Research, 40, 4162-4171, 
doi:10.1021/ie000790l. 
Henning, S., T. Rosenørn, B. D'Anna, A. A. Gola, B. Svenningsson and M. Bilde (2005), Cloud 
droplet activation and surface tension of mixtures of slightly soluble organics and 
inorganic salt, Atmospheric Chemistry & Physics, 5, 575-582, doi:10.5194/acp-5-575-
2005. 
Hildemann, L. M., G. R. Markowski and G. R. Cass (1991), Chemical Composition of Emissions 
from Urban Sources of Fine Organic Aerosol, Environ. Sci. Technol., 25(4), 744-759, 
doi:10.1021/es00016a021. 
Hitzenberger, R., A. Berner, A. Kasper-Giebl, M. Löflund and H. Puxbaum (2002), Surface 
tension of Rax cloud water and its relation to the concentration of organic material, 





Hoffman, E. J. and R. A. Duce (1977), Organic carbon in marine atmospheric particulate matter: 
Concentration and particle size distribution, Geophysical Research Letters, 4(10), 449-
452, doi:10.1029/GL004i010p00449. 
Hori, M., S. Ohta, N. Murao and S. Yamagata (2003), Activation capability of water soluble 
organic substances as CCN, Journal of Aerosol Science, 34(4), 419-448, doi: 
10.1016/S0021-8502(02)00190-8. 
Hung, H. M. and P. Ariya (2007), Oxidation of Oleic Acid and Oleic Acid/Sodium Chloride (aq) 
Mixture Droplets with Ozone: Changes of Hygroscopicity and Role of Secondary 
Reactions, Journal of Physical Chemistry A, 111, 620-632, doi:10.1021/jp0654563. 
Hung, H. M., Y. Katrib and S. T. Martin (2005), Products and mechanisms of the reaction of 
oleic acid with ozone and nitrate radical, Journal of Physical Chemistry A, 109(20), 
4517-4530, doi:10.1021/jp0500900. 
Hyvärinen, A. R., H. Lihavainen, A. Gaman, L. Vairila, H. Ojala, M. Kulmala and Y. Viisanen 
(2006), Surface tensions and densities of oxalic, malonic, succinic, maleic, malic, and cis-
pinonic acids, Journal of Chemical and Engineering Data, 51(1), 255-260, 
doi:10.1021/je050366x. 
IPCC (2007), Climate Change 2007: The Physical Science Basis. Contribution of Working 
Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate 
Change, edited by S. Solomon, D. Qin, M. Manning, Z. Chen, M. Marquis, K. B. Averyt, 
M. Tignor and H. L. Miller, Cambridge University Press, Cambridge, United Kingdom 
and New York, NY, USA. 
Isaksen, I. S. A., C. Granier, G. Myhre, T. K. Berntsen, S. B. Dalsøren, M. Gauss, Z. Klimont, R. 
Benestad, P. Bousquet, W. Collins, T. Cox, V. Eyring, D. Fowler, S. Fuzzi, P. Jöckel, P. 
Laj, U. Lohmann, M. Maione, P. Monks, A. S. H. Prévôt, F. Raes, A. Richter, B. 
Rognerud, M. Schulz, D. Shindell, D. S. Stevenson, T. Storelvmo, W. C. Wang, M. van 
Weele, M. Wild and D. Wuebbles (2009), Atmospheric composition change: Climate-
Chemistry interactions, Atmospheric Environment, 43(33), 5138-5192, doi: 
10.1016/j.atmosenv.2009.08.003. 
Johann, R. and D. Vollhardt (1999), Texture features of long-chain fatty acid monolayers at high 
pH of the aqueous subphase, Materials Science & Engineering C-Biomimetic and 
Supramolecular Systems, 8-9, 35-42, doi:10.1016/S0928-4931(99)00086-7. 
Juza, J. (1997), The pendant drop method of surface tension measurement: Equation 
interpolating the shape factor tables for several selected planes, Czechoslovak Journal of 
Physics, 47(3), 351-357, doi:10.1023/A:1022808017830. 
Kalberer, M., D. Paulsen, M. Sax, M. Steinbacher, J. Dommen, A. S. H. Prévôt, R. Fisseha, E. 
Weingartner, V. Frankevich, R. Zenobi and U. Baltensperger (2004), Identification of 






Kanakidou, M., J. H. Seinfeld, S. N. Pandis, I. Barnes, F. J. Dentener, M. C. Facchini, R. Van 
Dingenen, B. Ervens, A. Nenes, C. J. Nielsen, E. Swietlicki, J. P. Putaud, Y. Balkanski, 
S. Fuzzi, J. Horth, G. K. Moortgat, R. Winterhalter, C. E. L. Myhre, K. Tsigaridis, E. 
Vignati, E. G. Stephanou and J. Wilson (2005), Organic aerosol and global climate 
modelling: a review, Atmospheric Chemistry and Physics, 5, 1053-1123, 
doi:10.5194/acp-5-1053-2005. 
Kanicky, J. R. and D. O. Shah (2002), Effect of Degree, Type, and Position of Unsaturation on 
the pKa of Long-Chain Fatty Acids, Journal of Colloid and Interface Science, 256, 201-
207, doi:10.1006/jcis.2001.8009. 
Kärcher, B. and T. Koop (2005), The role of organic aerosols in homogeneous ice formation, 
Atmospheric Chemistry and Physics, 5, 703-714, doi:10.5194/acp-5-703-2005. 
Katrib, Y., G. Biskos, P. R. Buseck, P. Davidovits, J. T. Jayne, M. Mochida, M. E. Wise, D. R. 
Worsnop and S. T. Martin (2005a), Ozonolysis of mixed oleic-acid/stearic-acid particles: 
Reaction kinetics and chemical morphology, Journal of Physical Chemistry A, 109(48), 
10910-10919, doi:10.1021/jp054714d. 
Katrib, Y., S. T. Martin, H. M. Hung, Y. Rudich, H. Z. Zhang, J. G. Slowik, P. Davidovits, J. T. 
Jayne and D. R. Worsnop (2004), Products and mechanisms of ozone reactions with oleic 
acid for aerosol particles having core-shell morphologies, Journal of Physical Chemistry 
A, 108(32), 6686-6695, doi:10.1021/jp049759d. 
Katrib, Y., S. T. Martin, Y. Rudich, P. Davidovits, J. T. Jayne and D. R. Worsnop (2005b), 
Density changes of aerosol particles as a result of chemical reaction, Atmospheric 
Chemistry and Physics, 5, 275-291, doi:10.5194/acp-5-275-2005. 
Katz, U. and W. C. Kocmond (1973), An Investigation of the Size-Supersaturation Relationship 
of Soluble Condensation Nuclei, J. Atmos. Sci., 30, 160-165, doi:10.1175/1520-
0469(1973)030<0160:AIOTSS>2.0.CO;2. 
Kawamura, K. and R. B. Gagosian (1987), Implications of [omega]-oxocarboxylic acids in the 
remote marine atmosphere for photo-oxidation of unsaturated fatty acids, Nature, 
325(6102), 330-332, doi:10.1038/325330a0. 
Kawamura, K., Y. Ishimura and K. Yamazaki (2003), Four years' observations of terrestrial lipid 
class compounds in marine aerosols from the western North Pacific, Global 
Biogeochemical Cycles, 17(1), 1003, doi:10.1029/2001GB001810. 
Kawamura, K. and I. R. Kaplan (1987), Motor Exhaust Emissions As A Primary Source for 
Dicarboxylic-Acids in Los-Angeles Ambient Air, Environ. Sci. Technol., 21(1), 105-110, 
doi:10.1021/es00155a014. 
Kawamura, K., L. L. Ng and I. R. Kaplan (1985), Determination of organic acids (C1-C10) in 
the atmosphere, motor exhausts, and engine oils, Environ. Sci. Technol., 19(11), 1082-





Keene, W. C., H. Maring, J. R. Maben, D. J. Kieber, A. A. P. Pszenny, E. E. Dahl, M. A. 
Izaguirre, A. J. Davis, M. S. Long, X. L. Zhou, L. Smoydzin and R. Sander (2007), 
Chemical and physical characteristics of nascent aerosols produced by bursting bubbles 
at a model air-sea interface, Journal of Geophysical Research-Atmospheres, 112(D21), 
doi:10.1029/2007JD008464. 
Keene, W. C., A. A. P. Pszenny, J. R. Maben, E. Stevenson and A. Wall (2004), Closure 
evaluation of size-resolved aerosol pH in the New England coastal atmosphere during 
summer, Journal of Geophysical Research-Atmospheres, 109(D23), D23202, 
doi:10.1029/2004JD004801. 
Kendall, R. A., J. Dunning and R. J. Harrison (1992), Electron affinities of the first-row atoms 
revisited. Systematic basis sets and wave functions, The Journal of Chemical Physics, 
96(9), 6796-6806, doi:10.1063/1.462569. 
Khvorostyanov, V. I. and J. A. Curry (2008), Kinetics of Cloud Drop Formation and Its 
Parameterization for Cloud and Climate Models, J. Atmos. Sci., 65(9), 2784-2802, 
doi:10.1175/2008JAS2606.1. 
King, M. D., A. R. Rennie, K. C. Thompson, F. N. Fisher, C. C. Dong, R. K. Thomas, C. Pfrang 
and A. V. Hughes (2009), Oxidation of oleic acid at the air-water interface and its 
potential effects on cloud critical supersaturations, Phys. Chem. Chem. Phys., 11, 7699-
7707, doi:10.1039/b906517b. 
King, M. D., K. C. Thompson and A. D. Ward (2004), Laser Tweezers Raman Study of 
Optically Trapped Aerosol Droplets of Seawater and Oleic Acid Reacting with Ozone:  
Implications for Cloud-Droplet Properties, Journal of the American Chemical Society, 
126, 16710-16711, doi:10.1021/ja044717o. 
Kiss, G., E. Tombacz and H. C. Hansson (2005), Surface tension effects of humic-like 
substances in the aqueous extract of tropospheric fine aerosol, Journal of Atmospheric 
Chemistry, 50(3), 279-294, doi:10.1007/s10874-005-5079-5. 
Knopf, D. A., L. M. Anthony and A. K. Bertram (2005), Reactive uptake of O3 by 
multicomponent and multiphase mixtures containing oleic acid, Journal of Physical 
Chemistry A, 109(25), 5579-5589, doi:10.1021/jp0512513. 
Knopf, D. A., L. M. Cosman, P. Mousavi, S. Mokamati and A. K. Bertram (2007), A Novel 
Flow Reactor for Studying Reactions on Liquid Surfaces Coated by Organic 
Monolayers:Çë Methods, Validation, and Initial Results, J. Phys. Chem. A, 111(43), 
11021-11032, doi: 10.1021/jp075724c. 
Knopf, D. A. and S. M. Forrester (2011), Freezing of Water and Aqueous NaCl Droplets Coated 
by Organic Monolayers as a Function of Surfactant Properties and Water Activity, J. 
Phys. Chem. A, 115(22), 5579-5591, doi: 10.1021/jp2014644. 






Kokkola, H., R. Sorjamaa, A. Peräniemi, T. Raatikainen and A. Laaksonen (2006), Cloud 
formation of particles containing humic-like substances, Geophysical Research Letters, 
33, L10816, doi:10.1029/2006GL026107. 
Kolb, C. E., R. A. Cox, J. P. D. Abbatt, M. Ammann, E. J. Davis, D. J. Donaldson, B. C. Garrett, 
C. George, P. T. Griffiths, D. R. Hanson, M. Kulmala, G. McFiggans, U. Pöschl, I. 
Riipinen, M. J. Rossi, Y. Rudich, P. E. Wagner, P. M. Winkler, D. R. Worsnop and C. D. 
O'Dowd (2010), An overview of current issues in the uptake of atmospheric trace gases 
by aerosols and clouds, Atmospheric Chemistry & Physics, 10, 10561-10605, 
doi:10.5194/acp-10-10561-2010. 
Krizner, H. E., D. O. De Haan and J. Kua (2009), Thermodynamics and Kinetics of 
Methylglyoxal Dimer Formation: A Computational Study, Journal of Physical Chemistry 
A, 113(25), 6994-7001, doi:10.1021/jp903213k. 
Kroll, J. H., N. L. Ng, S. M. Murphy, V. Varutbangkul, R. C. Flagan and J. H. Seinfeld (2005), 
Chamber studies of secondary organic aerosol growth by reactive uptake of simple 
carbonyl compounds, Journal of Geophysical Research, 110, D23207, 
doi:10.1029/2005JD006004. 
Kua, J., S. W. Hanley and D. O. De Haan (2008), Thermodynamics and Kinetics of Glyoxal 
Dimer Formation: A Computational Study, Journal of Physical Chemistry A, 112(1), 66-
72, doi:10.1021/jp076573g. 
Kulmala, M., A. Laaksonen, P. Korhonen, T. Vesala, T. Ahonen and J. C. Barrett (1993), The 
Effect of Atmospheric Nitric Acid Vapor on Cloud Condensation Nucleus Activation, 
Journal of Geophysical Research-Atmospheres, 98(D12), 22949-22958, 
doi:10.1029/93JD02070. 
Laaksonen, A., P. Korhonen, M. Kulmala and R. J. Charlson (1998), Modification of the Köhler 
Equation to Include Soluble Trace Gases and Slightly Soluble Substances, J. Atmos. Sci., 
55(5), 853-862, doi: 10.1175/1520-0469(1998)055<0853:MOTKHE>2.0.CO;2. 
Labourdenne, S., M. G. Ivanova, O. Brass, A. Cagna and R. Verger (1996), Surface behaviour of 
long-chain lipolytic products (a 1-to-1 mixture of oleic acid and diolein) spread as 
monomolecular films in the presence of long-chain triglycerides, Colloids and Surfaces 
B-Biointerfaces, 6, 173-180, doi:10.1016/0927-7765(95)01251-6. 
Lance, S., J. Medina, J. N. Smith and A. Nenes (2006), Mapping the Operation of the DMT 
Continuous Flow CCN Counter, Aerosol Science and Technology, 40(4), 242-254, 
doi:10.1080/02786820500543290. 
Lance, S., A. Nenes, C. Mazzoleni, M. K. Dubey, H. Gates, V. Varutbangkul, T. A. Rissman, S. 
M. Murphy, A. Sorooshian, R. C. Flagan, J. H. Seinfeld, G. Feingold and H. H. Jonsson 
(2009), Cloud condensation nuclei activity, closure, and droplet growth kinetics of 
Houston aerosol during the Gulf of Mexico Atmospheric Composition and Climate Study 






Langmuir, I. (1917a), The constitution and fundamental properties of solids and liquids, Journal 
of the American Chemical Society, 39(9), 1848-1906, doi:10.1021/ja02254a006. 
Langmuir, I. (1917b), The Shapes of Group Molecules Forming the Surfaces of Liquids, 
Proceedings of the National Academy of Sciences of the United States of America, 3(4), 
251-257 
Lass, K., J. Kleber and F. Gernot (2010), Vibrational sum-frequency generation as a probe for 
composition, chemical reactivity, and film formation dynamics of the sea surface 
nanolayer, Limnology and Oceanography: Methods, 8, 216-228, 
doi:10.4319/lom.2010.8.216. 
Lawrence, J. R., S. V. Glass and G. M. Nathanson (2005a), Evaporation of water through butanol 
films at the surface of supercooled sulfuric acid, Journal of Physical Chemistry A, 
109(33), 7449-7457, doi:10.1021/jp050042f. 
Lawrence, J. R., S. V. Glass, S. C. Park and G. M. Nathanson (2005b), Surfactant control of gas 
uptake: Effect of butanol films on HCl and HBr entry into supercooled sulfuric acid, 
Journal of Physical Chemistry A, 109(33), 7458-7465, doi:10.1021/jp0500438. 
Leck, C. and E. K. Bigg (2005a), Biogenic particles in the surface microlayer and overlaying 
atmosphere in the central Arctic Ocean during summer, Tellus Series B-Chemical and 
Physical Meteorology, 57(4), 305-316, doi:10.1111/j.1600-0889.2005.00148.x. 
Leck, C. and E. K. Bigg (2005b), Source and evolution of the marine aerosol - A new 
perspective, Geophysical Research Letters, 32(19), L19803, doi:10.1029/2005GL023651. 
Lee, A. K. Y. and C. K. Chan (2007), Single particle Raman spectroscopy for investigating 
atmospheric heterogeneous reactions of organic aerosols, Atmospheric Environment, 41, 
4611-4621, doi:10.1016/j.atmosenv.2007.03.040. 
Li, X., T. Hede, Y. Tu, C. Leck and H. Ågren (2011a), Amino acids in atmospheric droplets: 
perturbation of surfact tension and critical supersaturation predicted by computer 
simulations, Atmospheric Chemistry and Physics Discussions, 11, 30919-30947, 
doi:10.5194/acpd-11-30919-2011. 
Li, X., T. Hede, Y. Tu, C. Leck and H. Ågren (2011b), Glycine in aerosol water droplets: a 
critical assessment of Köhler theory by predicting surface tension from molecular 
dynamics simulations, Atmospheric Chemistry and Physics, 11, 519-527, 
doi:10.5194/acp-11-519-2011. 
Li, X., T. Hede, Y. Tu, C. Leck and H. Ågren (2010), Surface-Active cis-Pinonic Acid in 
Atmospheric Droplets: A Molecular Dynamics Study, J. Phys. Chem. Lett., 1(4), 769-
773, doi: 10.1021/jz9004784. 
Li, Z., A. N. Schwier, N. Sareen and V. F. McNeill (2011c), Reactive processing of 





and secondary organic products, Atmospheric Chemistry & Physics, 11, 19477-19506, 
doi:10.5194/acpd-11-19477-2011. 
Li, Z. D., A. L. Williams and M. J. Rood (1998), Influence of soluble surfactant properties on the 
activation of aerosol particles containing inorganic solute, J. Atmos. Sci., 55(10), 1859-
1866, doi:10.1175/1520-0469(1998)055<1859:IOSSPO>2.0.CO;2. 
Liggio, J., S. M. Li and R. McLaren (2005a), Heterogeneous reactions of glyoxal on particulate 
matter: Identification of acetals and sulfate esters, Environ. Sci. Technol., 39(6), 1532-
1541, doi:10.1021/es048375y. 
Liggio, J., S. M. Li and R. McLaren (2005b), Reactive uptake of glyoxal by particulate matter, 
Journal of Geophysical Research, 110, D10304, doi:10.1029/2004JD005113. 
Lim, H.-J., A. G. Carlton and B. J. Turpin (2005), Isoprene forms secondary organic aerosol 
through cloud processing: model simulatons, Environ. Sci. Technol., 39(12), 4441-4446, 
doi:10.1021/es048039h. 
Limbeck, A. and H. Puxbaum (1999), Organic acids in continental background aerosols, 
Atmospheric Environment, 33(12), 1847-1852, doi:10.1016/S1352-2310(98)00347-1. 
Liu, P. S. K., W. R. Leaitch, C. M. Banic, S. M. Li, D. Ngo and W. J. Megaw (1996), Aerosol 
observations at Chebogue Point during the 1993 North Atlantic Regional Experiment: 
Relationships among cloud condensation nuclei, size distribution, and chemistry, Journal 
of Geophysical Research-Atmospheres, 101(D22), 28971-28990, 
doi:10.1029/96JD00445. 
Loeffler, K. W., C. A. Koehler, N. M. Paul and D. O. De Haan (2006), Oligomer Formation in 
Evaporating Aqueous Glyoxal and Methyl Glyoxal Solutions, Environ. Sci. Technol., 
40(20), 6318-6323, doi:10.1021/es060810w. 
Lottermoser, A. (1935), The influence of atmospheric carbonic acid upon the surface tension of 
aqueous solutions of sodium salts of fatty acids, Trans. Faraday Soc., 31, 200-204, 
doi:10.1039/TF9353100200. 
Ma, X., P. Chakraborty, B. J. Henz and M. R. Zachariah (2011), Molecular dynamic simulation 
of dicarboxylic acid coated aqueous aerosol: structure and processing of water vapor, 
Phys. Chem. Chem. Phys., 13, 9374-9384, doi:10.1039/c0cp01923b. 
Malm, W. C. and S. M. Kreidenweis (1997), The Effects of Models of Aerosol Hygroscopicity 
on the Apportionment of Extinction, Atmospheric Environment, 31(13), 1965-1976, 
doi:10.1016/S1352-2310(96)00355-X. 
Marsden, J. and E. K. Rideal (1938), 214. On monolayers of isomeric unsaturated compounds, J. 
Chem. Soc., 1163-1171, doi:10.1039/JR9380001163. 
Marty, J. C., A. Saliot, P. Buat-Ménard, R. Chesselet and K. A. Hunter (1979), Relationship 





Subsurface Water, Journal of Geophysical Research-Oceans, 84(C9), 5707-5716, 
doi:10.1029/JC084iC09p05707. 
Matijevic, E. and B. A. Pethica (1958), The properties of ionized monolayers, Part 1. Sodium 
dodecyl sulfate at the air/water interface, Trans. Faraday Soc., 54, 1383-1389, 
doi:10.1039/TF9585401382. 
Mazurek, A. Z., S. J. Pogorzelski and A. D. Kogut (2006), A novel approach for structure 
quantification of fatty acids films on rain water, Atmospheric Environment, 40(22), 4076-
4087, doi:10.1016/j.atmosenv.2006.03.021. 
McBain, J. W. and W. C. Sierichs (1948), The solubility of sodium and potassium soaps and the 
phase diagrams of aqueous potassium soaps, Journal of the American Oil Chemists' 
Society, 25(6), 221-225, doi:10.1007/BF02645899. 
McIntire, T. M., O. S. Ryder, P. L. Gassman, Z. Zhu, S. Ghosal and B. J. Finlayson-Pitts (2010), 
Why ozonolysis may not increase the hydrophilicity of particles, Atmospheric 
Environment,(44), 939-944, doi:10.1016/j.atmosenv.2009.11.009. 
McNeill, V. F., G. M. Wolfe and J. A. Thornton (2007), The Oxidation of Oleate in Submicron 
Aqueous Salt Aerosols: Evidence of a Surface Process, Journal of Physical Chemistry A, 
111(6), 1073-1083, doi:10.1021/jp066233f. 
McNeill, V. F., R. L. N. Yattavelli, J. A. Thornton, C. B. Stipe and O. Landgrebe (2008), The 
Heterogeneous OH Oxidation of Palmitic Acid in Single Component and Internally 
Mixed Aerosol Particles: Vaporization, Secondary Chemistry, and the Role of Particle 
Phase, Atmospheric Chemistry & Physics, 8, 5465-5476, doi:10.5194/acp-8-5465-2008. 
McNeill, V. F., J. Patterson, G. M. Wolfe and J. A. Thornton (2006), The effect of varying levels 
of surfactant on the reactive uptake of N2O5 to aqueous aerosol, Atmospheric Chemistry 
and Physics, 6, 1635-1644, doi:10.5194/acp-6-1635-2006. 
Meyers, P. A. and R. A. Kites (1982), Extractable organic compounds in midwest rain and snow, 
Atmospheric Environment, 16(9), 2169-2175, doi: 10.1016/0004-6981(82)90286-4. 
Middlebrook, A. M., D. M. Murphy and D. S. Thomson (1998), Observations of organic material 
in individual marine particles at Cape Grim during the First Aerosol Characterization 
Experiment (ACE 1), Journal of Geophysical Research-Atmospheres, 103(D13), 16475-
16483, doi:10.1029/97JD03719. 
Mircea, M., M. C. Facchini, S. Decesari, F. Cavalli, L. Emblico, S. Fuzzi, A. Vestin, J. Rissler, 
E. Swietlicki, G. Frank, M. O. Andreae, W. Maenhaut, Y. Rudich and P. Artaxo (2005), 
Importance of the organic aerosol fraction for modeling aerosol hygroscopic growth and 
activation: a case study in the Amazon Basin, Atmospheric Chemistry and Physics, 5, 
3111-3126, doi:10.5194/acp-5-3111-2005. 
Mochida, M., Y. Kitamori, K. Kawamura, Y. Nojiri and K. Suzuki (2002), Fatty acids in the 





films on sea-salt particles, Journal of Geophysical Research-Atmospheres, 107(D17), 
4325-4334, doi:10.1029/2001JD001278. 
Mochida, M., M. Kuwata, T. Miyakawa, N. Takegawa, K. Kawamura and Y. Kondo (2006), 
Relationship between hygroscopicity and cloud condensation nuclei activity for urban 
aerosols in Tokyo, Journal of Geophysical Research-Atmospheres, 111(D23), D23204, 
doi:10.1029/2005JD006980. 
Moise, T. and Y. Rudich (2000), Reactive uptake of ozone by proxies for organic aerosols: 
Surface versus bulk processes, Journal of Geophysical Research-Atmospheres, 105(D11), 
14667-14676, doi:10.1029/2000JD900071. 
Moise, T. and Y. Rudich (2002), Reactive uptake of ozone by aerosol-associated unsaturated 
fatty acids: Kinetics, mechanism, and products, Journal of Physical Chemistry A, 
106(27), 6469-6476, doi:10.1021/jp025597e. 
Moore, R. H., E. D. Ingall, A. Sorooshian and A. Nenes (2008), Molar mass, surface tension, and 
droplet growth kinetics of marine organics from measurements of CCN activity, 
Geophysical Research Letters, 35(L07801), doi:10.1029/2008GL033350. 
Moore, R. H., A. Nenes and J. Medina (2010), Scanning Mobility CCN Analysis - A Method for 
Fast Measurements of Size-Resolved CCN Distributions and Activation Kinetics, Aerosol 
Science and Technology, 44(10), 861-871, doi:10.1080/02786826.2010.498715. 
Morris, J. W., P. Davidovits, J. T. Jayne, J. L. Jimenez, Q. Shi, C. E. Kolb, D. R. Worsnop, W. S. 
Barney and G. Cass (2002), Kinetics of submicron oleic acid aerosols with ozone: A 
novel aerosol mass spectrometric technique, Geophysical Research Letters, 29(9), 
doi:10.1029/2002GL014692. 
Morris, R. J. and F. CULKIN (1974), Lipid chemistry of eastern Mediterranean surface layers, 
Nature, 250(5468), 640-642, 10.1038/250640a0. 
Murphy, S. M., H. Agrawal, A. Sorooshian, L. T. Padró, H. Gates, S. Hersey, W. A. Welch, H. 
Jung, J. W. Miller, D. R. Cocker, A. Nenes, H. H. Jonsson, R. C. Flagan and J. H. 
Seinfeld (2009), Comprehensive Simultaneous Shipboard and Airborne Characterization 
of Exhaust from a Modern Container Ship at Sea, Environ. Sci. Technol., 43(13), 4626-
4640, doi:10.1021/es802413j. 
Myers, D. (1988), Surfactant science and technology, VCH, New York, N.Y. 
Nash, D. G., M. P. Tolocka and T. Baer (2006), The uptake of O3 by myristic acid-oleic acid 
mixed particles: evidence for solid surface layers, Phys. Chem. Chem. Phys., 8, 4468-
4475 , doi:10.1039/b609855j. 
Nemet, I., D. Vikic-Topic and L. Varga-Defterdarovic (2004), Spectroscopic studies of 






Nenes, A., R. J. Charlson, M. C. Facchini, M. Kulmala, A. Laaksonen and J. H. Seinfeld (2002), 
Can chemical effects on cloud droplet number rival the first indirect effect?, Geophysical 
Research Letters, 29(17), 1848, doi:10.1029/2002GL015295. 
Nenes, A., S. Ghan, H. bdul-Razzak, P. Y. Chuang and J. H. Seinfeld (2001), Kinetic limitations 
on cloud droplet formation and impact on cloud albedo, Tellus B, 53(2), 133-149, 
doi:10.1034/j.1600-0889.2001.d01-12.x. 
Nopmongcol, U., W. Khamwichit, M. P. Fraser and D. T. Allen (2007), Estimates of 
heterogeneous formation of secondary organic aerosol during a wood smoke episode in 
Houston, Texas, Atmospheric Environment, 41(14), 3057-3070, 
doi:10.1016/j.atmosenv.2006.11.050. 
Novakov, T., C. E. Corrigan, J. E. Penner, C. C. Chuang, O. Rosario and O. L. M. Bracero 
(1997), Organic aerosols in the Caribbean trade winds: A natural source?, Journal of 
Geophysical Research-Atmospheres, 102(D17), 21307-21313, doi:10.1029/97JD01487. 
Novakov, T. and J. E. Penner (1993), Large contribution of organic aerosols to cloud-
condensation-nuclei concentrations, Nature, 365, 823-826, doi:10.1038/365823a0. 
Nozière, B., P. Dziedzic and A. Córdova (2009), Products and Kinetics of the Liquid-Phase 
Reaction of Glyoxal Catalyzed by Ammonium Ions (NH4
+
), Journal of Physical 
Chemistry A, 113(1), 231-237, doi:10.1021/jp8078293. 
Nozière, B., S. Ekström, T. Alsberg and S. Holmström (2010), Radical-initiated formation of 
organosulfates and surfactants in atmospheric aerosols, Geophysical Research Letters, 
37(L05806), doi:10.1029/2009GL041683. 
O'Dowd, C. D., M. C. Facchini, F. Cavalli, D. Ceburnis, M. Mircea, S. Decesari, S. Fuzzi, Y. J. 
Yoon and J. P. Putaud (2004), Biogenically driven organic contribution to marine 
aerosol, Nature, 431(7009), 676-680, doi:10.1038/nature02959. 
Padró, L. T., A. Asa-Awuku, R. Morrison and A. Nenes (2007), Inferring thermodynamic 
properties from CCN activation experiments: single-component and binary aerosols, 
Atmospheric Chemistry and Physics, 7(19), 5263-5274, doi:10.5194/acp-7-5263-2007. 
Padró, L. T., D. Tkacik, T. Lathem, C. J. Hennigan, A. P. Sullivan, R. J. Weber, L. G. Huey and 
A. Nenes (2010), Investigation of cloud condensation nuclei properties and droplet 
growth kinetics of the water-soluble aerosol fraction in Mexico City, Journal of 
Geophysical Research, 115(D9), D09204, doi:10.1029/2009JD013195. 
Pankow, J. F. (1994), An Absorption-Model of the Gas Aerosol Partitioning Involved in the 
Formation of Secondary Organic Aerosol, Atmospheric Environment, 28(2), 189-193, 
doi:10.1016/j.atmosenv.2007.10.060. 
Park, S. C., D. K. Burden and G. M. Nathanson (2007), The inhibition of N2O5 hydrolysis in 
sulfuric acid by 1-butanol and 1-hexanol surfactant coatings, Journal of Physical 





Paulson, S. E. and J. H. Seinfeld (1992), Development and Evaluation of a Photooxidation 
Mechanism for Isoprene, Journal of Geophysical Research-Atmospheres, 97(D18), 
20703-20715, doi:10.1029/92JD01914. 
Peterson, R. E. and B. J. Tyler (2002), Analysis of organic and inorganic species on the surface 
of atmospheric aerosol using time-of-flight secondary ion mass spectrometry (TOF-
SIMS), Atmospheric Environment, 36(39-40), 6041-6049, doi:10.1016/S1352-
2310(02)00686-6. 
Peterson, R. E. and B. J. Tyler (2003), Surface composition of atmospheric aerosol: individual 
particle characterization by TOF-SIMS, Applied Surface Science, 203-204, 751-756, 
doi:10.1016/S0169-4332(02)00812-7. 
Petters, M. D. and S. M. Kreidenweis (2007), A single parameter representation of hygroscopic 
growth and cloud condensation nucleus activity, Atmospheric Chemistry and Physics, 7, 
1961-1971, doi:10.5194/acp-7-1961-2007. 
Pfrang, C., M. Shiraiwa and C. Pöschl (2010), Coupling aerosol surface and bulk chemistry with 
a kinetic double layer model (K2-SUB): oxidation of oleic acid by ozone, Atmospheric 
Chemistry and Physics, 10, 4537-4557, doi:10.5194/acp-10-4537-2010. 
Pósfai, M., A. Gelencsér, R. Simonics, K. Arató, J. Li, P. V. Hobbs and P. R. Buseck (2004), 
Atmospheric tar balls: Particles from biomass and biofuel burning, Journal of 
Geophysical Research-Atmospheres, 109(D6), D06213, doi:10.1029/2003JD004169. 
Pradeep Kumar, P., K. Broekhuizen and J. P. D. Abbatt (2003), Organic acids as cloud 
condensation nuclei: Laboratory studies of highly soluble and insoluble species, 
Atmospheric Chemistry and Physics, 3, 509-520, doi:10.5194/acp-3-509-2003. 
Prenni, A. J., P. J. DeMott, S. M. Kreidenweis, D. E. Sherman, L. M. Russell and Y. Ming 
(2001), The Effects of Low Molecular Weight Dicarboxylic Acids on Cloud Formation, 
J. Phys. Chem. A, 105(50), 11240-11248, doi:10.1021/jp012427d. 
Prisle, N. L., M. Dal Maso and H. Kokkola (2011), A simple representation of surface active 
organic aerosol in cloud droplet formation, Atmospheric Chemistry & Physics, 11(9), 
4073-4083, doi:10.5194/acp-11-4073-2011. 
Prisle, N. L., T. Raatikainen, A. Laaksonen and M. Bilde (2010), Surfactants in cloud droplet 
activation: mixed organic-inorganic particles, Atmospheric Chemistry and Physics, 10, 
5663-5683, doi:10.5194/acp-10-5663-2010. 
Prisle, N. L., T. Raatikainen, R. Sorjamaa, B. Svenningsson, A. R. I. Laaksonen and M. Bilde 
(2008), Surfactant partitioning in cloud droplet activation: a study of C8, C10, C12 and 






Raatikainen, T. and A. Laaksonen (2011), A simplified treatment of surfactant effects on cloud 
drop activation, Geoscientific Model Development, 4(1), 107-116, doi:10.5194/gmd-4-
107-2011. 
Raymond, T. M. and S. N. Pandis (2002), Cloud activation of single-component organic aerosol 
particles, Journal of Geophysical Research-Atmospheres, 107(D24), 4787, 
doi:10.1029/2002JD002159. 
Raymond, T. M. and S. N. Pandis (2003), Formation of cloud droplets by multicomponent 
organic particles, Journal of Geophysical Research-Atmospheres, 108(D15), 4469, 
doi:10.1029/2003JD003503. 
Reid, J. P., B. J. Dennis-Smither, N. O. Kwamena, R. E. H. Miles, K. L. Hanford and C. J. 
Homer (2011), The morphology of aerosol particles consisting of hydrophobic and 
hydrophilic phases: hydrocarbons, alcohols and fatty acids as the hydrophobic 
component, Phys. Chem. Chem. Phys., 13(34), 15559-15572, doi:10.1039/c1cp21510h. 
Reynolds, J. C., D. J. Last, M. McGillen, A. Nijs, A. B. Horn, C. Percival, L. J. Carpenter and A. 
C. Lewis (2006), Structural Analysis of Oligomeric Molecules Formed from the Reaction 
Products of Oleic Acid Ozonolysis, Environ. Sci. Technol., 40(21), 6674-6681, 
doi:10.1021/es060842p. 
Riddick, J. A., W. B. Bunger and T. K. Sakano (1986), Organic Solvents: Physical Properties 
and Methods of Purification, Wiley & Sons. 
Rideal, E. K. (1925), On the influence of surface films in the evaporation of water, Journal of 
Physical Chemistry, 29, 1585-1588, doi:10.1021/j150258a011. 
Riipinen, I., I. K. Koponen, G. P. Frank, A. P. Hyvärinen, J. Vanhanen, H. Lihavainen, K. E. J. 
Lehtinen, M. Bilde and M. Kulmala (2007), Adipic and Malonic Acid Aqueous 
Solutions: Surface Tensions and Saturation Vapor Pressures, J. Phys. Chem. A, 111(50), 
12995-13002, doi: 10.1021/jp073731v. 
Roberts, G. C. and A. Nenes (2005), A continuous-flow streamwise thermal-gradient CCN 
chamber for atmospheric measurements, Aerosol Science and Technology, 39(3), 206-
221, doi:10.1080/027868290913988. 
Robinson, A. L., N. M. Donahue and W. F. Rogge (2006a), Photochemical oxidation and 
changes in molecular composition of organic aerosol in the regional context, Journal of 
Geophysical Research-Atmospheres, 111, D03302, doi:10.1029/2005JD006265. 
Robinson, A. L., R. Subramanian, N. M. Donahue, A. Bernardo-Bricker and W. F. Rogge 
(2006b), Source Apportionment of Molecular Markers and Organic Aerosol. 3. Food 
Cooking Emissions, Environ. Sci. Technol., 40(24), 7820-7827, doi: 10.1021/es060781p. 
Rogge, W. F., L. M. Hildemann, M. A. Mazurek, G. R. Cass and B. R. T. Simoneit (1993a), 





heavy-duty diesel trucks, Environ. Sci. Technol., 27(4), 636-651, 
doi:10.1021/es00041a007. 
Rogge, W. F., L. M. Hildemann, M. A. Mazurek, G. R. Cass and B. R. T. Simoneit (1993b), 
Sources of fine organic aerosol. 3. Road dust, tire debris, and organometallic brake lining 
dust: roads as sources and sinks, Environ. Sci. Technol., 27(9), 1892-1904, 
doi:10.1021/es00046a019. 
Rogge, W. F., L. M. Hildemann, M. A. Mazurek, G. R. Cass and B. R. T. Simoneit (1993c), 
Sources of fine organic aerosol. 4. Particulate abrasion products from leaf surfaces of 
urban plants, Environ. Sci. Technol., 27(13), 2700-2711, doi: 10.1021/es00049a008. 
Rogge, W. F., L. M. Hildemann, M. A. Mazurek, G. R. Cass and B. R. T. Simonelt (1991), 
Sources of Fine Organic Aerosol. 1. Charbroilers and Meat Cooking Operations, Environ. 
Sci. Technol., 25(6), 1112-1125, doi:10.1021/es00018a015. 
Rogge, W. F., M. A. Mazurek, L. M. Hildemann, G. R. Cass and B. R. T. Simoneit (1993d), 
Quantification of urban organic aerosols at a molecular level: Identification, abundance 
and seasonal variation, Atmospheric Environment. Part A. General Topics, 27(8), 1309-
1330, doi:10.1016/0960-1686(93)90257-Y. 
Rosano, H. L. and V. K. La Mer (1956), The Rate of Evaporation of Water Through Monolayers 
of Esters, Acids, and Alcohols, Journal of Physical Chemistry, 60, 348-353, 
doi:10.1021/j150537a024. 
Rouvière, A. and M. Ammann (2010), The effect of fatty acid surfactants on the uptake of ozone 
to aqueous halogenide particles, Atmospheric Chemistry & Physics, 10, 11489-11500, 
doi:10.5194/acp-10-11489-2010. 
Rubel, G. O. and J. W. Gentry (1984), Measurement of the Kinetics of Solution Droplets in the 
Presence of Adsorbed Monolayers: Determination of Water Accommodation 
Coefficients, Journal of Physical Chemistry, 88(14), 3142-3148, 
doi:10.1021/j150658a046. 
Rudich, Y., I. Benjamin, R. Naaman, E. Thomas, S. Trakhtenberg and R. Ussyshkin (2000), 
Wetting of Hydrophobic Organic Surfaces and Its Implications to Organic Aerosols in the 
Atmosphere, Journal of Physical Chemistry-A, 104(22), 5238-5245, 
doi:10.1021/jp994203p. 
Rudich, Y., N. M. Donahue and T. F. Mentel (2007), Aging of Organic Aerosol: Bridging the 
Gap Between Laboratory and Field Studies, Annual Review of Physical Chemistry, 48, 
321-352, doi:10.1146/annurev.physchem.58.032806.104432. 
Ruehl, C. R., P. Y. Chuang and A. Nenes (2008), How quickly do cloud droplets form on 






Ruehl, C. R., P. Y. Chuang and A. Nenes (2009), Distinct CCN activation kinetics above the 
marine boundary layer along the California coast, Geophysical Research Letters, 
36(L15814), doi:10.1029/2009GL038839. 
Russell, L. M., S. F. Maria and S. C. B. Myneni (2002), Mapping organic coatings on 
atmospheric particles, Geophysical Research Letters, 29(16), 1779, doi: 
10.1029/2002GL014874. 
Sage, A. M., A. Weitkamp, A. L. Robinson and N. M. Donahue (2009), Reactivity of oleic acid 
in organic particles: changes in oxidant uptake and reaction stoichiometry with particle 
oxidation, Phys. Chem. Chem. Phys., 11, 7951-7962, doi:10.1039/b904285g. 
Salma, I., R. Ocskay, I. Varga and W. Maenhaut (2006), Surface tension of atmospheric humic-
like substances in connection with relaxation, dilution, and solution pH, Journal of 
Geophysical Research-Atmospheres, 111(D23), D23205, doi:10.1029/2005JD007015. 
Sareen, N., A. N. Schwier, E. L. Shapiro, D. Mitroo and V. F. McNeill (2010), Secondary 
organic material formed by methylglyoxal in aqueous aerosol mimics, Atmospheric 
Chemistry and Physics, 10, 997-1016, doi:10.5194/acp-10-997-2010. 
Saxena, P. and L. M. Hildemann (1997), Water Absorption by Organics: Survey of Laboratory 
Evidence and Evaluation of UNIFAC for Estimating Water Activity, Environ. Sci. 
Technol., 31, 3318-3324, doi:10.1021/es9703638. 
Schauer, J. J., M. J. Kleeman, G. R. Cass and B. R. T. Simoneit (1999a), Measurement of 
Emissions from Air Pollution Sources. 1. C1 through C29 Organic Compounds from 
Meat Charbroiling, Environ. Sci. Technol., 33(10), 1566-1577, doi: 10.1021/es980076j. 
Schauer, J. J., M. J. Kleeman, G. R. Cass and B. R. T. Simoneit (1999b), Measurement of 
Emissions from Air Pollution Sources. 2. C1 through C30 Organic Compounds from 
Medium Duty Diesel Trucks, Environ. Sci. Technol., 33(10), 1578-1587, doi: 
10.1021/es980081n. 
Schauer, J. J., M. J. Kleeman, G. R. Cass and B. R. T. Simoneit (2001), Measurement of 
emissions from air pollution sources. 3. C1-C29 organic compounds from fireplace 
combustion of wood, Environ. Sci. Technol., 35(9), 1716-1728, doi:10.1021/es001331e. 
Schauer, J. J., M. J. Kleeman, G. R. Cass and B. R. T. Simoneit (2002a), Measurement of 
emissions from air pollution sources. 4. C1-C27 organic compounds from cooking with 
seed oils, Environ. Sci. Technol., 36(4), 567-575, doi:10.1021/es002053m. 
Schauer, J. J., M. J. Kleeman, G. R. Cass and B. R. T. Simoneit (2002b), Measurement of 
emissions from air pollution sources. 5. C1-C32 organic compounds from gasoline-






Schauer, J. J., W. F. Rogge, L. M. Hildemann, M. A. Mazurek and G. R. Cass (1996), Source 
apportionment of airborne particulate matter using organic compounds as tracers, 
Atmospheric Environment, 30(22), 3837-3855, doi:10.1016/j.atmosenv.2007.10.069. 
Schofield, R. K. and E. K. Rideal (1926), The Kinetic Theory of Surface Films - Part II. 
Gaseous, Expanded, and Condensed Films., Proceedings of the Royal Society, 110A, 167-
177, doi:10.1098/rspa.1926.0009. 
Schulman, J. H. and A. H. Hughes (1932), On the surface potentials of unimolecular films. Part 
IV: The effect of the underlying solution and transition phenomena in the film, 
Proceedings of the Royal Society A: Mathematical, physical, and engineering, 138(835), 
430, doi:10.1098/rspa.1932.0193. 
Schulman, J. H. and A. H. Hughes (1935), Monolayers of proteolytic enzymes and proteins, 
Biochemistry, 29(5), 1243-1252. 
Schwier, A. N., D. Mitroo and V. F. McNeill (2012), Surface tension depression by low-
solubility organic material in aqueous aerosol mimics, Atmospheric Environment, 54, 
490-495, doi:10.1016/j.atmosenv.2012.02.032. 
Schwier, A. N., N. Sareen, T. Lathem, A. Nenes and V. F. McNeill (2011), Ozone Oxidation of 
Oleic Acid Films Decreases Aerosol CCN Activity, Journal of Geophysical Research, 
116, D16202, doi:10.1029/2010JD015520. 
Schwier, A. N., N. Sareen, D. Mitroo, E. L. Shapiro and V. F. McNeill (2010), Glyoxal-
methylglyoxal cross-reactions in secondary organic aerosol (SOA) formation, Environ. 
Sci. Technol., 44(16), 6174-6182, doi:10.1021/es101225q. 
Seelig, A. and J. Seelig (1977), Effect of a Single Cis Double Bond on the Structure of a 
Phospholipid Bilayer, Biochemistry, 16(1), 45, doi:10.1021/bi00620a008. 
Seidl, W. and G. Hänel (1983), Surface-active substances on rainwater and atmospheric 
particles, Pure and Applied Geophysics, 121(5), 1077-1093, doi:10.1007/BF02590198. 
Seinfeld, J. H. and J. F. Pankow (2003), Organic atmospheric particulate material, Annual 
Review of Physical Chemistry, 54, 121-140, doi: 
10.1146/annurev.physchem.54.011002.103756. 
Seinfeld, J. H. and S. N. Pandis (1998), Atmospheric chemistry and physics 
from air pollution to climate change, Wiley, New York. 
Setschenow, J. Z. (1889), Über Die Konstitution Der Salzosungen auf Grund ihres Verhaltens zu 
Köhlensaure, Z. Physik. Chem., 4, 117-125. 
Shantz, N. C., R. Y. W. Chang, J. G. Slowik, A. Vlasenko, J. P. D. Abbatt and W. R. Leaitch 
(2010), Slower CCN growth kinetics of anthropogenic aerosol compared to biogenic 






Shapiro, E. L., J. Szprengiel, N. Sareen, C. N. Jen, M. R. Giordano and V. F. McNeill (2009), 
Light-absorbing secondary organic material formed by glyoxal in aqueous aerosol 
mimics, Atmospheric Chemistry and Physics, 9(7), 2289-2300, doi:10.5194/acp-9-2289-
2009. 
Shilling, J. E., S. M. King, M. Mochida, D. R. Worsnop and S. T. Martin (2007), Mass spectral 
evidence that small changes in composition caused by oxidative aging processes alter 
aerosol CCN properties, Journal of Physical Chemistry A, 111, 3358-3368, 
doi:10.1021/jp068822r. 
Shulman, M. L., M. C. Jacobson, R. J. Carlson, R. E. Synovec and T. E. Young (1996), 
Dissolution behavior and surface tension effects of organic compounds in nucleating 
cloud droplets, Geophysical Research Letters, 23(3), 277-280, doi:10.1029/95GL03810. 
Simoneit, B. R. T. (1977), Organic matter in eolian dusts over the Atlantic Ocean, Marine 
Chemistry, 5(4-6), 443-464, doi: 10.1016/0304-4203(77)90034-2. 
Simoneit, B. R. T. (1985), Application of Molecular Marker Analysis to Vehicular Exhaust for 
Source Reconciliations, International Journal of Environmental Analytical Chemistry, 
22(3-4), 203-232, doi: 10.1080/03067318508076422. 
Simoneit, B. R. T., M. Kobayashi, M. Mochida, K. Kawamura, M. Lee, H. J. Lim, B. J. Turpin 
and Y. Komazaki (2004), Composition and major sources of organic compounds of 
aerosol particulate matter sampled during the ACE-Asia campaign, Journal of 
Geophysical Research-Atmospheres, 109(D19S10), doi:10.1029/2004JD004598. 
Simoneit, B. R. T. and M. A. Mazurek (1982), Organic-Matter of the Troposphere 2. Natural 
Background of Biogenic Lipid Matter in Aerosols Over the Rural Western United-States, 
Atmospheric Environment, 16(9), 2139-2159, doi:10.1016/0004-6981(82)90284-0. 
Simoneit, B. R. T., J. J. Schauer, C. G. Nolte, D. R. Oros, V. O. Elias, M. P. Fraser, W. F. Rogge 
and G. R. Cass (1999), Levoglucosan, a tracer for cellulose in biomass burning and 
atmospheric particles, Atmospheric Environment, 33(2), 173-182, doi:10.1016/S1352-
2310(98)00145-9. 
Sinz, D. K. N., M. Hanyak, J. C. H. Zeegers and A. A. Darhuber (2011), Insoluble surfactant 
spreading along thin liquid films confined by chemical surface patterns, Phys. Chem. 
Chem. Phys., 13(20), 9768-9777, doi:10.1039/C0CP02135K. 
Slauenwhite, D. E. and B. D. Johnson (1996), Effect of organic matter on bubble surface tension, 
Journal of Geophysical Research-Oceans, 101(C2), 3769-3774, doi:10.1029/95JC02633. 
Smith, G. D., E. Woods, C. L. DeForest, T. Baer and R. E. Miller (2002), Reactive uptake of 
ozone by oleic acid aerosol particles: Application of single-particle mass spectrometry to 






Sorjamaa, R. and A. Laaksonen (2006), The influence of surfactant properties on critical 
supersaturations of cloud condensation nuclei, Journal of Aerosol Science, 37, 1730-
1736, doi:10.1016/j.jaerosci.2006.07.004. 
Sorjamaa, R., B. Svenningsson, T. Raatikainen, S. Henning, M. Bilde and A. Laaksonen (2004), 
The role of surfactants in Köhler theory reconsidered, Atmospheric Chemistry and 
Physics, 4, 2107-2117, doi:10.5194/acp-4-2107-2004. 
Stemmler, K., A. Vlasenko, C. Guimbaud and M. Ammann (2008), The effect of fatty acid 
surfactants on the uptake of nitric acid to deliquesced NaCl aerosol, Atmospheric 
Chemistry and Physics, 8, 5127-5141, doi:10.5194/acp-8-5127-2008. 
Stephanou, E. G. and N. Stratigakis (1993), Oxocarboxylic and Dicarboxylic Acids: 
Photooxidation Products of Biogenic Unsaturated Fatty Acids Present in Urban Aerosols, 
Environ. Sci. Technol., 27(7), 1403-1407, doi:10.1021/es00044a016. 
Surratt, J. D., J. H. Kroll, T. E. Kleindienst, E. O. Edney, M. Claeys, A. Sorooshian, N. L. Ng, J. 
H. Offenberg, M. Lewandowski, M. Jaoui, R. C. Flagan and J. H. Seinfeld (2007), 
Evidence for organosulfates in secondary organic aerosol, Environ. Sci. Technol., 41(2), 
517-527, doi:10.1021/es062081q. 
Svenningsson, B., J. Rissler, E. Swietlicki, M. Mircea, M. Bilde, M. C. Facchini, S. Decesari, S. 
Fuzzi, J. Zhou, J. Mønster and T. Rosenørn (2006), Hygroscopic growth and critical 
supersaturations for mixed aerosol particles of inorganic and organic compounds of 
atmospheric relevance, Atmospheric Chemistry and Physics, 6, 1937-1952, 
doi:10.5194/acp-6-1937-2006. 
Tabazadeh, A. (2005), Organic aggregate formation in aerosols and its impact on the 
physicochemical properties of atmospheric particles, Atmospheric Environment, 39(30), 
5472-5480, doi:10.1016/j.atmosenv.2005.05.04. 
Tan, Y., A. G. Carlton, S. P. Seitzinger and B. J. Turpin (2010), SOA from methylglyoxal in 
clouds and wet aerosols: Measurement and prediction of key products, Atmospheric 
Environment, 44(39), 5218-5226, doi:10.1016/j.atmosenv.2010.08.045. 
Taraniuk, I., E. R. Graber, A. Kostinski and Y. Rudich (2007), Surfactant properties of 
atmospheric and model humic-like substances (HULIS), Geophysical Research Letters, 
34(16), L16807, doi:10.1029/2007GL029576. 
ten Brink, H. M. (1998), Reactive uptake of HNO3 and H2SO4 in sea-salt (NaCl) particles, 
Journal of Aerosol Science, 29(1-2), 57-64, doi:10.1016/S0021-8502(97)00460-6. 
Terashima, M., M. Fukushima and S. Tanaka (2004), Influence of pH on the surface activity of 
humic acid: micelle-like aggregate formation and interfacial adsorption, Colloids and 






Tervahattu, H., K. Hartonen, V. M. Kerminen, K. Kupiainen, P. Aarnio, T. Koskentalo, A. F. 
Tuck and V. Vaida (2002a), New evidence of an organic layer on marine aerosols, 
Journal of Geophysical Research-Atmospheres, 107(D16), 4319-4325, 
doi:10.1029/2000JD000282. 
Tervahattu, H., J. Juhanoja and K. Kupiainen (2002b), Identification of an organic coating on 
marine aerosol particles by TOF-SIMS, Journal of Geophysical Research-Atmospheres, 
107(4319), doi:10.1029/2001JD001403. 
Tervahattu, H., J. Juhanoja, V. Vaida, A. F. Tuck, J. V. Niemi, K. Kupiainen, M. Kulmala and H. 
Vehkamaki (2005), Fatty acids on continental sulfate aerosol particles, Journal of 
Geophysical Research-Atmospheres, 110(D06207), doi:10.1029/2004JD005400. 
Theander, K. and R. J. Pugh (2001), The Influence of pH and Temperature on the Equilibrium 
and Dynamic Surface Tension of Aqueous Solutions of Sodium Oleate, Journal of 
Colloid and Interface Science, 239, 209-216, doi:10.1006/jcis.2000.7543. 
Thornberry, T. and J. P. D. Abbatt (2004), Heterogeneous reaction of ozone with liquid 
unsaturated fatty acids: detailed kinetics and gas-phase product studies, Phys. Chem. 
Chem. Phys., 6(1), 84-93, doi:10.1039/b310149e. 
Thornton, J. A. and J. P. D. Abbatt (2005), N2O5 Reaction on Sub-micron Sea Salt Aerosol:  
Effect of Surface Active Organics, Journal of Physical Chemistry A, 109(44), 10004-
10012, doi:10.1021/jp054183t. 
Topping, D. and G. McFiggans (2011), Tight coupling of particle size, number and composition 
in atmospheric cloud droplet activation, Atmospheric Chemistry & Physics, 12, 3253-
3260, doi:10.5194/acp-12-3253-2012. 
Topping, D. O., G. B. McFiggans, G. Kiss, Z. Varga, M. C. Facchini, S. Decesari and M. Mircea 
(2007), Surface tensions of multi-component mixed inorganic/organic aqueous systems 
of atmospheric significance: measurements, model predictions and importance for cloud 
activation predictions, Atmospheric Chemistry and Physics, 7, 2371-2398, 
doi:10.5194/acp-7-2371-2007. 
Tuazon, E. C., H. M. Leod, R. Atkinson and W. P. L. Carter (1986), -Dicarbonyl Yields from 
the NOx-air photooxidations of a series of aromatic hydrocarbons in air, Environ. Sci. 
Technol., 20(4), 383-387, doi:10.1021/es00146a010. 
Tuckermann, R. (2007), Surface tension of aqueous solutions of water-soluble organic and 
inorganic compounds, Atmospheric Environment, 41(29), 6265-6275, 
doi:10.1016/j.atmosenv.2007.03.051. 
Tuckermann, R. and H. K. Cammenga (2004), The surface tension of aqueous solutions of some 






Turpin, B. J. and H. J. Lim (2001), Species Contributions to PM2.5 Mass Concentrations: 
Revisiting Common Assumptions for Estimating Organic Mass, Aerosol Science and 
Technology, 35(1), 602-610, doi:10.1080/02786820119445. 
Twomey, S. (1974), Pollution and the planetary albedo, Atmospheric Environment, 8(12), 1251-
1256, doi: 10.1016/0004-6981(74)90004-3. 
Vanhanen, J., A.-P. Hyvärinen, T. Anttila, Y. Viisanen and H. Lihavainen (2008), Ternary 
solution of sodium chloride, succinic acid, and water; surface tension and its influence on 
cloud droplet activation, Atmospheric Chemistry & Physics, 8, 4595-4604, 
doi:10.5194/acp-8-4595-2008. 
VanReken, T. M., N. L. Ng, R. C. Flagan and J. H. Seinfeld (2005), Cloud condensation nucleus 
activation properties of biogenic secondary organic aerosol, Journal of Geophysical 
Research-Atmospheres, 110(D07206), doi:10.1029/2004JD005465. 
Varga, Z., G. Kiss and H. C. Hansson (2007), Modelling the cloud condensation nucleus activity 
of organic acids on the basis of surface tension and osmolality measurements, 
Atmospheric Chemistry and Physics, 7(17), 4601-4611, doi:10.5194/acp-7-4601-2007. 
Vesna, O., M. Sax, M. Kalberer, A. Gaschen and M. Ammann (2009), Product study of oleic 
acid ozonolysis as function of humidity, Atmospheric Environment, 43, 3662-3669, 
doi:10.1016/j.atmosenv.2009.04.047. 
Vesna, O., S. Sjogren, E. Weingartner, V. Samburova, M. Kalberer, H. W. Gäggeler and M. 
Ammann (2008), Changes of fatty acid aerosol hygroscopicity induced by ozonolysis, 
Atmospheric Chemistry and Physics, 8, 4683-4690, doi:10.5194/acp-8-4683-2008. 
Volkamer, R., F. San Martini, L. T. Molina, D. Salcedo, J. L. Jimenez and M. J. Molina (2007), 
A missing sink for gas-phase glyoxal in Mexico City: Formation of secondary organic 
aerosol, Geophysical Research Letters, 34(L19807), doi:10.1029/2007GL030752. 
Volkamer, R., P. J. Ziemann and M. J. Molina (2009), Secondary Organic Aerosol Formation 
from Acetylene (C2H2): seed effect on SOA yields due to organic photochemistry in the 
aerosol aqueous phase, Atmospheric Chemistry & Physics, 9, 1907-1928, 
doi:10.5194/acp-9-1907-2009. 
Voss, L. F., M. F. Bazerbashi, C. P. Beekman, C. M. Hadad and H. C. Allen (2007), Oxidation 
of oleic acid at air/liquid interfaces, Journal of Geophysical Research-Atmospheres, 
112(D06209), doi:10.1029/2006JD007677. 
Voss, L. F., C. M. Hadad and H. C. Allen (2006), Competition between Atmospherically 
Relevant Fatty Acid Monolayers at the Air/Water Interface, Journal of Physical 
Chemistry B, 110, 19487-19490, doi:10.1021/jp062595b. 
Wadia, Y., D. J. Tobias, R. Stafford and B. J. Finlayson-Pitts (2000), Real-time monitoring of 





phospholipid at the air-water interface, Langmuir, 16(24), 9321-9330, 
doi:10.1021/la0006622. 
Walker, E. E. (1921), CLXXIX.-Surface tensions of salts of the fatty acids and their mixtures, J. 
Chem. Soc. , Trans., 119, 1521-1537, doi:10.1039/CT9211901521. 
Warneck, P. (2003), In-cloud chemistry opens pathway to the formation of oxalic acid in the 
marine atmosphere, Atmospheric Environment, 37(17), 2423-2427, doi:10.1016/S1352-
2310(03)00136-5. 
Washburn, E. W. (1926-1930, 2003), International Critical Tables Of Numerical Data, Physics, 
Chemistry and Technology (1
st
 Electronic Edition), Knovel. 
Wex, H., T. Hennig, I. Salma, R. Ocskay, A. Kiselev, S. Henning, A. Massling, A. Wiedensohler 
and F. Stratmann (2007), Hygroscopic growth and measured and modeled critical super-
saturations of an atmospheric HULIS sample, Geophysical Research Letters, 34(2), 
L02818, doi:10.1029/2006GL028260. 
Xin, X., G. Xu, D. Wu, H. Gong, H. Zhang and Y. Wang (2008), Effects of sodium halide on the 
interaction between polyvinylpyrrolidone and sodium oleate: Surface tension and 
oscillating barrier studies, Colloids and Surfaces A: Physicochemical and Engineering 
Aspects, 322, 54-60, doi:10.1016/j.colsurfa.2008.02.025. 
Yasmeen, F., N. Sauret, J. F. Gal, P. C. Maria, L. Massi, W. Maenhaut and M. Claeys (2010), 
Characterization of oligomers from methylglyoxal under dark conditions: a pathway to 
produce secondary organic aerosol through cloud processing during nighttime, 
Atmospheric Chemistry and Physics, 10(8), 3803-3812, doi:10.5194/acp-10-3803-2010. 
Yates, L. M. and R. von Wandruszka (1999), Effects of pH and metals on the surface tension of 
aqueous humic materials, Soil Science Society of America Journal, 63(6), 1645-1649, 
doi:10.2136/sssaj1999.6361645x. 
Yehia, A. (1997), Effect of hydrocarbon chain configuration on the surface activity of fatty 
acids-effect of solution pH, Afinidad, 54(470), 315-320. 
Yue, Z. W. and M. P. Fraser (2004), Polar organic compounds measured in fine particulate 
matter during TexAQS 2000, Atmospheric Environment, 38(20), 3253-3261, 
doi:10.1016/j.atmosenv.2004.03.014. 
Zahardis, J., B. W. LaFranchi and G. A. Petrucci (2005), Photoelectron resonance capture 
ionization-aerosol mass spectrometry of the ozonolysis products of oleic acid particles: 
Direct measure of higher molecular weight oxygenates, Journal of Geophysical 
Research-Atmospheres, 110(D8), D08307, doi:10.1029/2004JD005336. 
Zahardis, J., B. W. LaFranchi and G. A. Petrucci (2006a), Direct observation of polymerization 
in the oleic acid-ozone heterogeneous reaction system by photoelectron resonance 






Zahardis, J., B. W. LaFranchi and G. A. Petrucci (2006b), The heterogeneous reaction of 
particle-phase methyl esters and ozone elucidated by photoelectron resonance capture 
ionization: Direct products of ozonolysis and secondary reactions leading to the 
formation of ketones, International Journal of Mass Spectrometry, 253, 38-47, 
doi:10.1016/j.ijms.2006.02.010. 
Zahardis, J. and G. A. Petrucci (2007), The oleic acid-ozone heterogeneous reaction system: 
products, kinetics, secondary chemistry, and atmospheric implications of a model system 
- a review, Atmospheric Chemistry and Physics, 7, 1237-1274, doi:10.5194/acp-7-1237-
2007. 
Zeno, E., D. Beneventi and B. Carré (2004), Interactions between poly(ethylene oxide) and fatty 
acids sodium salts studied by surface tension measurements, Journal of Colloid and 
Interface Science, 277(1), 215-220, doi:10.1016/j.jcis.2004.04.028. 
Zhang, J. J., J. L. Zhang, S. M. He, K. Z. Wu and X. D. Liu (2001), Thermal studies on the solid-
liquid phase transition in binary systems of fatty acids, Thermochimica Acta, 369(1-2), 
157-160, doi:10.1016/S0040-6031(00)00766-8. 
Zhang, Q. and C. Anastasio (2003), Free and combined amino compounds in atmospheric fine 
particles (PM2.5) and fog waters from Northern California, Atmospheric Environment, 
37(16), 2247-2258, doi:10.1016/S1352-2310(03)00127-4. 
Zhang, Q., J. L. Jimenez, D. R. Worsnop and M. Canagaratna (2007), A case study of urban 
particle acidity and its influence on secondary organic aerosol, Environ. Sci. Technol., 
41(9), 3213-3219, doi: 10.1021/es061812j. 
Zhao, D. Y., H. G. Li, A. X. Song and J. C. Hao (2009), Phase behavior and properties of salt-
free cationic/anionic surfactant mixtures of oleic acid and stearic acid, Chinese Science 
Bulletin, 54(21), 3953-3957, doi:10.1007/s11434-009-0510-y. 
Zhao, J., N. P. Levitt, R. Zhang and J. Chen (2006), Heterogeneous Reactions of Methylglyoxal 
in Acidic Media: Implications for Secondary Organic Aerosol Formation, Environ. Sci. 
Technol., 40(24), 7682-7687, doi:10.1021/es060610k. 
Zhao, Y., M. Hu, S. Slanina and Y. Zhang (2007), Chemical Compositions of Fine Particulate 
Organic Matter Emitted from Chinese Cooking, Environ. Sci. Technol., 41(1), 99-105, 
doi: 10.1021/es0614518. 
Ziemann, P. J. (2005), Aerosol products, mechanisms, and kinetics of heterogeneous reactions of 
ozone with oleic acid in pure and mixed particles, Faraday Discussions, 130, 469-490, 
doi:10.1039/b417502f. 
Zimmermann, J. and D. Poppe (1996), A supplement for the RADM2 chemical mechanism: The 
photooxidation of isoprene, Atmospheric Environment, 30(8), 1255-1269, doi: 
10.1016/1352-2310(95)00417-3. 
 
 
